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NDRC FOREWORD 


as events of the years pr<~ ruing 1940 revealed 
J\ more and more clearly the seriousness of the 
world situation, many scientists in this country came 
to realize the need of organizin'? scientific research 
for service in a national emergency. Recommenda¬ 
tions which they made to the White ilouse were given 
careful and sympathetic attention, and as a result 
the National Defense Research Committee [NDRC] 
was formed by Executive Order of the President in 
the summer of 1940. The members of NDRC, ap¬ 
pointed by the Fresident, were instructed to supple¬ 
ment the work of the Army and the Navy in the 
development of the ins 1 rumentalities of war. A year 
later, upon the establishment of the Office of Scien¬ 
tific Research and Development [OSRD], NDRC 
became one of its units. 

The Summary Technical Report of NDRC is a 
conscientious effort on the part of NDRC to sum¬ 
marize and evaluate its work and to present it in a 
useful and permanent form. It comprises some 
seventy volumes broken into groups corresponding 
to the NDRC Divisions, Panels, and Committees. 

The Summary Technical Report of each Division, 
Panel, or Committee is an integral survey of the work 
of that group. 1’he first volume of each group’s re¬ 
port contains a summary of the report, stating the 
problems presented and the philosophy of attacking 
them and summarizing the results of the research, 
development, and training activities undertaken. 
Some volumes may be “state of the art” treatises 
covering subjects to which various research groups 
have contributed information. Others may contain 
descriptions of devices developed in the laboratories. 
A master index of all these divisional, panel, and 
committee reports which together constitute the Sum¬ 
mary Technical Report of NDRC is contained in a 
separate volume, which also includes the index of a 
microfilm record of pertinent technical laboratory 
reports and reference material. 

Some of the NDRC-sponsored researches which 
had been declassified by the end of 1945 were of suffi¬ 
cient popular interest that it was found desirable to 
report than in tire form of monographs, such as the 
series on radar by Division 14 and the monograph on 
sampling inspection by the Applied Mathematics 
Panel. Since the material treated in them is not dupli¬ 


cated in the Summary Technical Report of NDRC, 
the monographs are an important part of the story 
of these aspects of NDRC research. 

In contrast to the information on radar, which is of 
widespread interest and much of which is released to 
the public, the research on subsurface warfare is 
largely classified and is of general interest to a more 
restricted group. As a consequence, the report of 
Division 6 is found almost entirely in its Summary 
Technical Report, which runs to over twenty vol¬ 
umes. The extent of the work of a Division cannot 
therefore be judged solely by the number of volumes 
devoted to it in the Summary Technical Report of 
NDRC: account must be taken of the monographs 
and available reports published elsewhere. 

Any great cooperative endeavor must stand or fall 
with the will and integrity of the men engaged in it. 
This fact held true for NDRC from its inception, 
and for Division 6 under the leadership of Dr. John 
T. Tate. To Dr. Tate and the men who worked with 
him—some as members of Division 6, some as rep¬ 
resentatives of the Division’s contractors —belongs 
the sincere gratitude of the Nation for a difficult and 
often dangerous job well done. Their efforts contrib¬ 
uted significantly to the outcome of our naval 
operations during the war and richly deserved the 
warm response they receiveo Tom the Navy. In 
addition, their contributions to the knowledge of the 
ocean and to the art of oceanographic research will 
assuredly speed peacetime investigations in this field 
and bring rich benefits to all mankind. 

The Summary Technical Report of Division 6, 
prepared under the direction of the Division Chief 
and authorized by him for publication, not only pre¬ 
sents the methods and results of widely varied re¬ 
search and development programs but is essentially 
a record of the unstinted loyal cooperation of able 
men linked in a common effort to contribute to the 
defense of their Nation. To them all we extend our 
deep appreciation. 

Vannevab Busk, Director 
Of[rp of Scientific Research and Development 

J. B. Conant, Chairman 
National Defense Research Committee 
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FOREWORD 


One of the most serious obstacles to the use of tor¬ 
pedoes from aircraft is the likelihood of damage and 
consequent failure of the torpedo if the water-entry 
speed is high. Unless the speed is high, however, the 
attacking plane is a “sitting duck.” This was brought 
home with tragic force in the Battle of Midway. 

In July 1943, the Navy requested NDRC to under¬ 
take the design of an improved torpedo capable of 
withstanding the shock of water entry when launched 
at aircraft speeds as high as 400 knots. The project 
was assigned to Division 6 and thus initiated the stu¬ 
dies reported in this volume. 

It was soon discovered that the addition of a sim¬ 
ple ring to the tail fins of the standard Mark 13 tor¬ 
pedo brought its performance up to the limiting speed 
of available torpedo planes. With this discovery, the 
pressure for immediate improvement with respect to 
water entry was further increased, and at the request 
of the Navy the project was broadened to include a 
study of every aspect of torpedo design. As a result 
of this comprehensive program, not only was a tor¬ 
pedo developed which fully met all requirements, but, 
of longer-term interest, an analysis was furnished of 
the basic physical factors affecting the overall design 
of any f uture torpedo. 

The success of this project was made possible only 
by the cordial and effective cooperation of many 
individuals and agencies. 

The technical program of the Division was carried 
out under contracts with Columbia University, Cali¬ 
fornia Institute of Technology, Massachusetts Insti¬ 
tute of Technology, and the American Can Company. 


The Navy,* through the Bureau of Ordnance and 
the Naval Torpedo Station at Newport, not only 
provided test facilities, but made freely available the 
knowledge and skills gained through their long ex¬ 
perience in design, production, and use of torpedoes. 
And at the suggestion of the Commanding Officer a 
project engineer was permanently stationed at New¬ 
port to assure complete and continuous exchange of 
information. 

The Army, because of its interest in a related pro¬ 
gram, maintained close liaison throughout the dura¬ 
tion of the project. 

Division 3 of NDRC made possible crucial full- 
scale tests of high-speed water entry by providing 
through their contract with California Institute of 
Technology both personnel and facilities. 

Division 7 of NDRC contributed consulting ser¬ 
vices on the control problem. 

The General Electric Company gave to the groups 
working on power plant design the full advantage of 
their knowledge and experience in the design and 
construction of high-temperature gas turbines. 

To all of these individuals and agencies, and in par¬ 
ticular to Dr. W. V. Houston, Director of the Colum¬ 
bia University Special Studies Group who served as 
director of the entire program, the Division makes 
grateful acknowledgment. 


John T. Tate 
Chief, Division 6 
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PREFACE 


This report was prepared by the Columbia Univer¬ 
sity Special Studies Group as part of the studies made 
in connection with Project NO-176. It covers essen¬ 
tially the theoretical studies of torpedo performance 
and "the corresponding indications as to proper tor¬ 
pedo design. 

Although some of the theoretical work presented 
was done by the Special Studies Group, much of this 
report is a compilation of experimental results and 
theoretical developments carried on by various 
groups at a number of places. When possible, an 
attempt has been made to give credit to these groups 
for the work that they have done. 

The work on the theory of torpedo control as dis¬ 
cussed in this report is largely due to Dr. L. I. Schiff, 
while the studies associated with air flight and water 
entry have been compiled and developed by Marvin 
Gimprich. 

W. V. Houston 
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Chapter 1 

GENERAL REQUIREMENTS FOR TORPEDOES 


T he term “torpedo” has been used at various 
periods in the history of modern warfare to mean 
a variety of weapons, but nearly always these have 
contained a charge of high explosive. In the naval 
warfare of the past 50 years the term has come to be 
applied almost exclusively to the automobile torpedo. 
This is a self-propelled and self-steered underwater 
vehicle that carries a charge of explosive to a point at 
which it will explode against the underwater part of 
an enemy ship. The prineiml problems of febnpi do A - 
sign can then be classified . s hose associated with its 
launching, its propulsion, its steering, and the means 
for exploding the charge. 

The philosophy of torpedoes has always involved 
the idea that the explosive charge carried should be 
such as to cause decisive damage to the enemy. The 
rest of the torpedo, the power plant and the control 
mechanism, has been so elaborate and so expensive 
that eeunumy f effort corak! 1 - obtained j.Ay If “dire 
torpedo hit was sufficient to sink a ship. In fact, the 
fraction of the weight of a torpedo made up of the 
explosive charge is usually only somewhere between 
0.2 and 0.3 so that the equipment necessary to con¬ 
vey the charge to its objective is much more elaborate 
than the charge and its firing mechanism. 

In recent years, however, defenses against torpe¬ 
does have been built into all capital ships and many 
smaller ones so that the probability of sinking such a 
ship with a single torpedo is not very great. Further¬ 
more, even cargo ships are so divided into compart¬ 
ments that usually a single torpedo will not be suffi¬ 
cient to sink one of them. It appears that a very large 
increase in explosive charge may be necessary ma¬ 
terially to increase the probability of sinking from a 
single hit. For this reason, it may be more economical 
of effort to count on using two or more automobile 
torpedoes to sink even a merchant ship, but it is im¬ 
probable that the complication of torpedo mechan¬ 
ism should ever be used to transport anything less 
than a very seriously damaging charge of explosive. 

Another characteristic of torpedoes is that the ex¬ 
plosion occurs against the part of the ship that is 
underwater. This is clearly more damaging than a hit 
on the superstructure, not only beeause a hole be¬ 


neath the water line will cause the ship to lose 
buoyancy, but also because the presence of the water 
increases the effectiveness of the explosion. Modern 
battleships are so protected by armor plate in the 
neighborhood of the water line and for some distance 
below it that hits by shells in this region are con¬ 
siderably reduced in effectiveness. A hit by a torpedo 
on this armor belt will normally cause very little 
damage. Nevertheless, this kind of armor cannot be 
uaorl tu cover the entire hull for the buoyancy of the 
ship would be seriously reduced by it. A properly 
adjusted torpedo can hit the skin of the ship below 
this arm r belt and do serious damage. For this 
reason a torpedo is a formidable weapon against any 
ship. 

The automobile torpedo is normally fired at a con¬ 
siderable distance from its target. It normally travels 
in the water at a speed greater than that of the 
ftuftteHl sldpft. lew nn U:i* ih Hnlft- 

ciently low to make it necessary to predict the posi¬ 
tion of the target some time in advance. A torpedo 
traveling at 45 knots will require some 4 minutes to 
travel 6,000 yd. During this time, a ship making 30 
knots will travel 4,000 yd. In case the firing of the 
torpedo could be detected, it would be quite possible 
for the target ship to avoid being hit by turning 
sharply. However, torpedoes can be launched in 
many cases without this launching being detected, 
and more often a number are launched almost simul¬ 
taneously so that it is difficult for the target to avoid 
them all. 

In the case of torpedoes used in naval engagements, 
long ranges are frequently used, and some torpedoes 
may need a range as great as 20,000 yd. It is clear, 
however, that no single aimed torpedo can be effec¬ 
tive at such a range unless the target continues on a 
steady course throughout the full torpedo run. For 
such reasons, it is important to reduce the running 
time of a torpedo as much as possible. Apparently the 
most effective way to do this would be to increase the 
speed of the torpedo, but, since this is very difficult 
to accomplish, consideration must also be given to 
the possibility of reducing the length of the under¬ 
water run. 
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GENERA! REQUIREMENTS fOR TORPEDOES 


1.1 SPEED AND RANGE OF SUBMARINE 

AND DESTROYER LAUNCHED 
TORPEDOES 

The torpedo is the ideal weapon for a submarine 
vessel. It can be fired in many cases before the enemy 
is aware of the presence of the submarine. If an 
electric torpedo, or some other torpedo without a 
visible wake, is used, the first warning of an attack 
may come from the explosion. Under these conditions 
a long range may be useful, and certainly a high tor¬ 
pedo speed is useful in increasing the aiming accur¬ 
acy. Other things being equal, it is probable that 
more hits can be made with a high-speed than with a 
low-speed torpedo. On the other hand, speed can be 
obtained only by a sacrifice of other qualities and 
principally by a sacrifice of range or by a considerable 

tommm farm fUA? IVmv It fa t-npurtwhl to 

evaluate carefully the minimum useful range from 
which a torpedo can be fired and to emphasize its 
use. This would improve the accuracy of aiming, not 
only because of the shorter range a id the reduced 
effect of aiming angle errors, but also because the 
maximum speed could then be obtained from the fuel 
carried. 

1.2 SPEED AND RANGE OF AIRCRAFT 

TORPEDOES 

In the case of aircraft torpedoes, the situation is 
Si in tvAttd oiiklvnA. IV lavmrtrtiig J tWf 
can usually be observed by the target, and the proper 
evasive action can be taken. It appears impractical 
to try to produce sufficient underwater speed in a tor¬ 
pedo to make this evasive action ineffective if much 
mmmmm: r h* 

torpedo is dropped from an airplane, advantage can 
be taken of the speed of the plane and the altitude 
from which the torpedo is dropped to provide a long 
air travel. The speed of this travel in air is so much 
greater than any feasible underwater speed that most 
of the distance between the point of release and the 
target should be covered in the air travel. The prin- 

ulpui lUtJUllUlllUlli liJ l|) 1 ,afl) uO MG till, vAV.. V VjI V* ilXvll u Oi Ul 

torpedo that can be launched from very high-speed 
planes and from high altitudes, with a sufficient 
power plant to travel a short distance under water at 
a moderate speed. Along with such a torpedo ade¬ 
quate torpedo directors must be provided. 

If a torpedo can be released from 6,400 ft at 350 
knots so as to strike the water 500 yd from its target, 


it will spend only about 20 sec in the air, traveling 
almost 4.000 yd If its underwater speed is 40 knots, 
the 500 yd will require about 23 sec so that a total 
distance of nearly 4,500 yd can be covered in about 
43 sec. This is not time enough for much manuevering 
on the part of the target. 

1.3 REQUIREMENTS FOR STEERING 
AND DEPTH CONTROL 

The specifications laid down for the steering and 
depth control of a torpedo will depend on the way in 
which it is to be used. It is necessary that the depth 
control be adequate to get the explosive to the desired 
depth on the target. When contact exploders are to 
be Used and the target is a battleship, the depth 
mechanism must insure that the torpedo hits below 
UOI M«d It umJ (nil l« feosp * bt tor¬ 

pedo from running completely under the ship. When 
influence exploders are used, the necessary accuracy 
of depth-keeping is not so great since the exploder 
will operate at any depth down to some distance be¬ 
low the keel. 

The accuracy of steering required depends upon 
the length of the underwater run. The deviation from 
the set course must not be so great as to dominate 
other errors, but there is also no need to require of 
the steering equipment that it maintain its direction 
for a time longer than the torpedo will run or with an 
accuracy far greater than the accuracy of aiming that 
4sfi (* umy s 

pedo with a long underwater run will require greater 
accuracy than one with a short underwater run. 
Thus a submarine launched tuipedu with a luii uf 
some 5,000 yd would he expected to require roughly 
• 14 t(' mi)* «muary J nunerrnn.fi Lop d 

with an underwater run of only about 1,000 yd. 
Nevertheless, the possible evasive action that may be 
taken by a target attacked by a long range torpedo 
and the use of salvos of long range torpedoes may 
again reduce the value of high accuracy steering in 
even these cases. Since the requirements of steering 
accuracy present some of the most troublesome prob- 

1 . i i I L J ill I . Vl , l\ . 1. ill .1.>i .. <i.( .1V . 'A llV 1 iiiiilll iiv. , . i. rs 

important to limit such requirements to those which 
really contribute to the effectiveness of the torpedoes. 

In the case of an aircraft torpedo launched from a 
high altitude for a short underwater run it is neces¬ 
sary that: (1) the torpedo does not dive so deep as to 
strike the bottom and stick or be damaged; (2) the 
torpedo recover from its set depth and arm before 
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reaching the target. These conditions, which are de¬ 
pendent only in part on the operation of the depth- 
control mechanisms, make necessary a complete un¬ 
derstanding of the water-entry phenomena in design¬ 
ing such a torpedo. To a considerable extent, the 
water-entry behavior is determined by the external 
shape and the distribution of mass, as well as the 


torpedo orientation at entry. 

The studies described in this report include many 
things common to all torpedoes, but particular em¬ 
phasis has been placed on these problems of air travel, 
water entry, and control that are important in the 
design of aircraft torpedoes and, in particular, in the 
design of the Mark 25 aircraft torpedo. 


CONFIDENTIAL 


Chapter 2 

THE ELEMENTS OF A TORPEDO 


A torpedo may be considered as being composed of 
L several more or less independent elements prop¬ 
erly balanced with one another to make a well- 
integrated weapon. For convenience of discussion, 
the general principles and basic underlying features 
of each of the elements can be developed separately. 

2.1 EXTERNAL SHAPE 

Torpedo bodies are usually cylindrical in shape and 
are provided with a rounded nose that may be either 
hemispherical or pointed, a tail which supports fins 
for stability, and rudders and elevators for steering 
and depth control. 

TIU» fnnul dupt 1 mm linen fuutui lmwt wiinli 
to furnish the volume required to contain the ex¬ 
plosive charge, the power plant and control mecha¬ 
nism, and to provide for the dynamic stability and 
minimum drag necessary for proper behavior in 
water. These latter requirements are discussed in 
detail in Chapters 4 and 7. 

These shape requirements hold for submarine- 
launched torpedoes and, in most cases, for torpedoes 
launched from surface vessels. For an aircraft- 
launched torpedo, however, the shape must be also 
suitable for prope-t", ve 1 through air and for proper en¬ 
try into the wa< i 'cneral, the shapes required for 
the three different phases of travel, air travel, water 
entry, and controlled underwater travel, are differ¬ 
ent. Stability in air travel is provided by equipping 
the torpedo with light wood appendages, which 
break off with entry of the tor, Jo into the water. 
These air stabilizers are of various types. Some are 
mounted on the tail, while others, sueh as the drag 
ring or “pickle barrel,” are on the nose. 

In most cases it has been possible to select a shape 
that is both adequate for water entry and satisfac¬ 
tory for the underwater run. However, various ap¬ 
pendages have been tried, such as spoiler rings and 
Townend extensions to the nose, that are designed 
to stay on during water entry and to detach only 
wht.Ii live tsteady ltt begilis. It is pi ubabhj that opti¬ 
mum control of the water-entry phase would require 
tlk UJI w blD v Ui that tun* tam 
tried on the nose. Nevertheless, it has been found 
possible to get adequate performance, under certain 


conditions, by means of a shape that is also suitable 
for steady running. 

2.2 THE explosive charge and 

THE EXPLODER 

The size and nature of the explosive charge for a 
torpedo depend to a considerable extent on the kind 
of taigets for which it is designed. Most torpedoes 
carry charges in the neighborhood of COO to 800 lb 
of Torpex. This charge appears to be adequate to 
damage a battleship and to cause very serious dam¬ 
age to lighter vessels. It appears that an increase of a 
few hundred pounds would make relatively little 
itiii fir in v Mil, lit V«a it aVifitlrtl Ui mufti^ily tlu 
charge by a factor of at least 3 to 5, it would be hardly 
worth increasing at all. 

An essential part of the torpedo warhead is the 
exploder mechanism. Exploder meehanisms are now 
available that will detonate the charge in the vicinity 
of the target rather than depending on an impact. 
This makes possible the use of greater depths and so 
minimizes the danger of hitting the armored belt of a 
capital ship. 

The torpedo studies included in this report do not 
include studies of the explosive and the exploder 
mechanism. 

2.3 PROPULSION MECHANISM 

The propulsion mechanism occupies the major part 
of the torpedo both in volume and in weight. For this 
reason, the overall size is determined very largely by 
the requirements placed on speed and range. In order 
to get the maximum speed and range with a given 
weight, it is necessary that the power plant operate as 
efficiently as possible. The power necessary to drive 
the torpedo is approximately proportional to the 
third power of the speed at whieh it runs, provided 
the propulsive efficiency is independent of the speed. 
For the conventional propeller-driven type of torpedo, 

this is a,ppi uXilnattly tlue, but ful some uf the piu- 

posed types of drive, the efficiency increases rapidly 

with thr iqku 1 to tlut the fitter mytlrvil 4u - ttbfl 

increase as rapidly as the third power of the speed. 

The total energy required for a torpedo is propor- 
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tional to the second power of the speed and to the 
range. Consequently, the amount of fuel necessary 
is similarly proportional to these quantities. A tor¬ 
pedo differs from a surface ship in that it must carry 
not only its fuel in the ordinary sense but also the 
oxidant. In most torpedoes, the oxidant has been in 
the form of compressed air. In fact, the original tor¬ 
pedoes were driven by compressed air alone. Later, a 
little fuel was added to warm up the air so as to make 
it more effective, and finally the process became one 
of complete combustion. For the purpose of combus¬ 
tion it is elear that compressed oxygen would be 
better than compressed air because the air is ™ly 
about 30 per cent oxygen. Nevertheless, the hazards 
associated with the use of compressed oxygen have 
prevented its extensive adoption. 

With either compressed air or compressed oxygen 
a heavy tank is necessary to contain the gas. In fact, 
approximately 4 lb of steel is necessary to contain 
1 lb of air. For this reason, obviously it would be 
fceHet if tU be MUHnl iii the form of a 

liquid since only about 1 lb of container is necessary 
for 1 lb of liquid. This 00 per cent reduction in the 
weight of the fuel and its container is a very impor¬ 
tant improvement in torpedo power plants, and such 
systems are now being developed. Probably the most 
advanced is that in which liquid hydrogen peroxide 
is used as the oxidant. On its way to the combustion 
ehamber this is decomposed into oxygen and water. 
The oxygen combines with the fuel, and the water 
cools the flame to a point at which it can be used in 
the turbine. 

Any such improvement in the weight of the fuel 
and its containers can be translated directly into tor¬ 
pedo range. If the use of hydrogen peroxide reduces 
the fuel and container weight by GO per cent, it pro¬ 
vides a means of increasing the range of a torpedo by 
a factor of 2.5 without increasing its weight. Whether 
the saving is put into increased range or into in¬ 
creased explosive depends on which of the two is re¬ 
garded as the more important. 

Propulsion mechanisms will not be discussed ex¬ 
tensively in this report. An extensive study of them 
has been made by the Navy Department to be used 
as a basis for future torpedo development. 

2.4 CONTROL MECHANISMS 

The conventional automobile torpedo runs on a 
previously set course at a predetermined depth. The 


depth-control mechanism and the steering meeha- 
nism are to a large extent independent. 

The operation of these mechanisms must be elosely 
associated with the hydrodynamics of the torpedo 
body. This is particularly true of the pendulum, in 
which care must be taken that the natural period of 
the pendulum is not too close to the period at which 
the torpedo tends to oscillate in depth. Furthermore, 
the stability of the control depends not only on the 
control mechanism itself but also on the hydrodyna¬ 
mic constants of the body. 

The development of torpedo-control mechanisms 
can then be divided into two parts. In the first part, 
it is important to measure the hydrodynamic con¬ 
stants of the torpedo and then to determine the prop¬ 
erties of the control necessary to operate in the de¬ 
sired manner. In particular, it is important to deter¬ 
mine the maximum time lag that can be permitted 
between the actuation of the mechanism and the final 
operation of the rudder and elevator. This is inversely 



Figure 1. Estimated curves showing the speed and 
range attainable for various total weights and an ex- 
plosive charge of 300 lb. 
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proportional to the velocity, and its value for any 
given torpedo depends on the hydrodynamic con¬ 
stants. 

The second part concerns the design of mechanisms 
having suitable properties. The present report is con¬ 
cerned only with the theoretical analysis. The 
progress that has been made under Project NO-176 



Figure 2. Estimated curves showing the speed and 
range attainable for various total weights and an ex¬ 
plosive charge of 700 lb. 


in the design of depth and steering mechanisms is 
reported in connection with the design of the Mark 
25 torpedo. 

2.5 WEIGHT AND SIZE OF THE 
TORPEDO 

The outstanding properties of a torpedo that must 
be correlated with each other are (1) range, (2) 
speed, (3) weight of explosive, and (4) overall weight. 
These four quantities are all related, and in the de¬ 
sign of a torpedo suitable compromises must be made 


between the desire to have maximum weight of ex¬ 
plosive, speed, and range and the desire to have a 
minimum overall weight. 

In a very rough way the weight of a torpedo may 
be regarded as made up of four parts. These are E, 
the weight of the explosive; S, the weight of the 
external shell; F, the weight of the fuel and its con- 



Figuhe 3. Estimated curves showing the speed and 
range attainable for various total weights and an ex¬ 
plosive charge of 1,500 lb. 


tainers; and P, the weight of the turbine, gear train, 
and propeller system. The weight of the shell is 
roughly proportional to the external surface of the 
torpedo and hence may be regarded as proportional 
to the two-thirds power of the total weight. Hence we 
may set S = yW^. y is a constant that depends upon 
the material of which the shell is made, upon its 
thickness, and upon the shape of the torpedo. 

The amount of fuel necessary is proportional to 
(1) the range of the torpedo, (2) the square of the 
velocity, and (3) the external surface. The amount of 
fuel necessary is proportional to the external surface 
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Figure 4. Curves showingt lie estimated speed and 
range attainable for various total weights with the use of 
a liquid oxidant and an explosive charge of 700 lb. 

much smaller in case hydrogen peroxide is used than 
when compressed air is used. 

In a. very rough way, the weight of the power plant 
may be set proportional to the cube of the speed and 
to the external torpedo surface. Hence we may regard 
P = 

Since the total weight of the torpedo is the sum of 
these four parts, it is possible to write an equation 
connecting the total weight of the explosive, rhe 
speed, and the range as follows: 


EXPLOSIVE CHARGE IN P0UND3 

Figure 5. Total weight as a function of the weight of 
explosive for three cases. The power plant is assumed to 
be similar to that of the Mark 25. 

By using these constants, it is possible to plot rela¬ 
tionships between the various quantities in the equa¬ 
tion. In particular, Figures 1, 2, and 3 show the speeds 
and ranges that can possibly be attained with given 
overall weight. Other curves present these data in 
slightly different ways. 

These curves point out clearly the cost at which 
high speed and long range are attained. In most tor¬ 
pedoes, the explosive is a relatively small part of the 
total weight, while the fuel and power plant make up 
most of it. If the diameter is increased it is possible 
to inerease the explosive charge with only a small 
increase in overall weight, but doubling the range or 
the speed makes a very serious change in the torpedo. 
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3.1 AIR TRAVEL 

an aircraft torpedo is launched by dropping it 
from an airplane that is traveling at a high rate 
of speed, and the most important line of development 
of this weapon is concerned with increasing the speed 
and the altitude from which it can be launched. The 
initial travel of the torpedo through the air is equally 
important with its underwater travel, not only be¬ 
cause the major part of the distance may be traversed 
in the air, but also because the torpedo must end its 
air travel in such a way as to make a proper entry 
into the water. The importance of this proper entry 
into the water is easily understood from the analogy 
between the torpedo and a diver. As is well known, a 
diver can safely dive from an elevation of 100 ft if he 
erters the water properly, while he can be seriously 
injured if he enters the water flat from a very much 
lower altitude. 

The early experiments in launching torpedoes from 
aircraft were confined to dropping them from only 
a short distance above the water, such as 30 to 50 ft, 
and at speeds much less than 100 knots. These ex¬ 
periments emphasized the necessity for very rugged 
construction in order to withstand the shock of water 
entry. It appears, however, that in addition serious 
damage to the torpedo can only be minimized by 
providing for a clean entry. In fact, some evidence 
points to the fact that a 15-ft horizontal drop of a 
r 0 ,.p ec }o ) such as has been frequently used for proof 
launchings, may be more uamaging than a clean 
entry at speeds of over 200 knots. 

For a clean entry it is necessary that the torpedo 
be traveling parallel to its axis at the time of impact 
with the water, and this requires proper stabilization 
of the torpedo in the air. Due to the action of the air 
forces, a simple cylindrical body tends to set itself 
pei pwlKUnular to its dir. nth”" ♦""vel, and a torpedo 
Vvr*o nAromvljo| + Vvo QHTYIO tpndenev. If a bare torpedo 

110,0 ovmio m j1i*i> Oc—— -- 

is launched from a considerable elevation, it will 
enter the water flat and will suffer severe damage. To 
overcome this tendency, a large tail is required. Since 
this kind of tail is undesirable for the underwater 
run, it is constructed of light wood so as to break off 
on water entry. 

A wide variety ol stabilizers has been Tieftoiiu 


practice in the United States Navy is to use a Mark 
2-1 stabilizer combined with a drag ring or “pickle 
barrel” on the nose. The Mark 2-1 stabilizer is a 
simple wooden box that is slipped over the torpedo 
fins. The Mark 1 drag ring is a short wooden cylinder 
that slips over the nose. The combined effect of these 
two auxiliary devices is to cause the torpedo to be 
stable when traveling parallel to its air trajectory. 
The stabilizers also introduce sufficient damping so 
that during its air flight the torpedo will oscillate 
around its position of equilibrium with decreasing 
amplitude. If, then, the air flight is long enough, 
initial disturbances that are present due to conditions 
at release may be damped out, and the torpedo can 
enter the water smoothly and cleanly. This fact sug¬ 
gests that it is even more desirable to drop a torpedo 
from a high altitude than from a low altitude be¬ 
cause a longer time is available in which this damping 
action can be effected. 

A more important fact is that the damping effect 
of the stabilizers increases with the speed so that a 
high-speed launching may tend to be cleaner than 
one of lower speed. The damping is proportional 
to the speed, but the time of fall varies only as the 
square root of the altitude. Both high speed and 
high altitude therefore, are conducive to a good entry 
in the absence of a wind. These stabilizers also intro¬ 
duce a certain amount of drag so that there are some 
altitudes, depending on the release speed, from which 
the torpedo enters the water with a total velocity 
that is even less than the initial release velocity. For 
a low-speed launching this is only at a low altitude, 
but for a high-speed launching this may be true up to 
over 2,000 ft. 

Other stabilizers have been used with more elabo¬ 
rate objectives. The British M.A.T. IV stabilizer is 
intended to cause the torpedo to strike the water 
slishtlv nose-up with respect to its trajectory. This 
can be easily accomplished by suitable shaping of the 
tail pieces, but it requires that roll in the air be pre¬ 
vented. To this end, the British M.A.T. IV stabilizer 
is a very elaborate device, incorporating a gyroscope 
and movable ailerons to correct any tendency to roll. 
Such elaboration is surely necessary if it is desired to 
make the torpedo enter in any other way than 
pLTti'AtA tc iJMtjirtiodf H it would seem 
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desirable to construct the torpedo so that entry 
parallel to its trajectory is adequate and so that very 
simple stabilizing devices can be used. 

It is obvious that stabilizing appendages, such as 
have just been mentioned, can be effective only in 
causing the torpedo axis to remain parallel to its 
trajectory with respect to the air. If there is a wind, 
the trajectory with respect to the air will not be 
identical with the trajectory as seen from the ground, 
and it is the trajectory as seen from the ground that 
determines the water-entry conditions. As a eonse- 
ouence, a torpedo stabilized on its trajectory, and 
traveling with a tail wind, tends to enter the water 
effectively nose-down. A similar torpedo traveling in 
a head wind tends to enter effectively nose-up, and a 
torpedo traveling in a cross wind will entei a ith a 
certain amount of yaw. These effects of wind cannot 
be overcome by simple air stabilizers, and they can¬ 
not be neglected because they will affect the undei- 
water behavior of the torpedo in a significant way. 
However, they can be recognized and understood, 
and proper allowance can be made for them in the 
tactical methods that are used. 

In addition to making the torpedo stable on its 

tr a ] ec ft u ry , Ihb hdkrt w w * a wtoir mil 

of drag. The Mark 2-1 stabilizer and the Mark 1 drag 
ring when used on the Mark 13 torpedo introduce 
enough air resistance so that the torpedo may entei 
the water at a speed somewhat less than the speed at 
which it is released. Most. <> f this drag is due to the 
drag ring itself and not to the tail stabilizer, 3 he 
analysis show s that the resultant speed of the torpedo 
first decreases because oi die ai. resistance tend then 
increases because of the acceleration of gravity so 
that it passes through a minimum. 1 Ins increase does 
not continue indefinitely because the terminal ve¬ 
locity appears to be between 800 and 900 ft per see. 
At this speed the air resistance is just equal to the 
weight so that there is no further acceleration. Be¬ 
cause of this air resistance, the horizontal travel of 
the torpedo may be significantly less than that calcu¬ 
lated when the air resistance is neglected, and the 
entry angle will also be different, this merely means 
that the more complete calculations must be used for 
predictions of the air flight. 

It is clear that stabilizers could be designed to have 
increased drag and to reduce the velocity at impact 
to a low value. This, however, would result in a short 
horizontal range in air. 

A detailed account of the air trajectory is given in 


Chapter 5, where the. necessary properties of the 
stabilizers are analyzed. 

3.2 WATER ENTRY 

The water-entry phase of the aircraft torpedo tra¬ 
jectory is less subject to theoretical analysis than 
either the air travel or the underwater travel. At the 
beginning of the present study of the problem almost 
no information was available as to the essential 
features of the behavior of the torpedo during this 
stage. The air trajectory is subject to fairly complete 
theoretical analysis, and only certain iAjii.sta.titj need 
to be evaluated in order to apply the theory to any 
specific case. The same thing is true of the underwater 
run. The water entry, however, presents additional 
complications due to the presence of the water sur¬ 
face and the vastly different properties of the air and 
the water. For this reason, it has been possible only 
to establish a more ui less phenomenological descrip¬ 
tion of the torpedo behavior and to indicate certain 
convenient terms in which the initial underwater tra¬ 
jectory can be described. These are satisfactory for 
the water entry of the Mark 13 torpedo and the Mark 
2 d torpedo and . resumabh for other similar shapes. 

When the torpedo nose first strikes the water, the 
torpedo experiences a very high force lasting over a 
very short time. It has not been possible to determine 
with any degree of reliability the exact magnitude or 
duration of this impact force. It is possible, however, 
to give some indication as to the total impulse asso¬ 
ciated with it. This produces both a sudden change 
-ut *v4a hm.VIm imtj*** hi lingu¬ 

lar velocity about a horizontal axis. The sudden 
change in linear velocity' is a small fraction of the 
total velocity and seems to play no significant, part 
in determining the subsequent torpedo behavior. The 
sudden access to angular velocity, however, is in such 
a direction as to cause the nose to rise and the tail to 
fall and determines whether the subsequent trajec¬ 
tory' turns upward or downward. After the initial 
impact, the torpedo creates a cavity in the water, 
roughly conical in shape, so that, only the nose is in 
contact with the water. This state continues until the 
torpedo is several lengths under the surface, and dur¬ 
ing this time the torpedo is subject to a decelerating 
force that can be described in terms of a drag coeffi¬ 
cient. and is proportional to the square of the velocity. 
The drag coefficient on a hemispherical nose h, at 
this stage, of the order of magnitude of 0.28. 
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The drag foree on the torpedo when it is in the 
cavity, with its nose alone in contact with the water, 
is opposite in direction to the torpedo motion but 
does not usually act directly through the center of 
mass. If the torpedo is nose-down to its trajectory, 
this retarding force tends to turn it more nose-down 
and hence tends to overcome the initially produced 
nose-upward angular velocity. If the torpedo is nose- 
up to its trajectory, the retarding force adds to the 
initially produced angular velocity. As a consequence 
of this angular velocity about a horizontal axis, the 
tail of the torpedo will eventually strike either the 
top or bottom of the cavity. If it strikes the top of 
the cavity, the torpedo will travel in a roughly circu¬ 
lar path concave-downward. If it strikes the bottom 
of the cachy, the path >v A'l he cunoiiv OupWaTd. VviAfh 
of these two things occurs depends upon the magni¬ 
tude of the initially acquired angular velocity and 
the later angular acceleration that either adds to or 
subtracts from it. These depend on the entry pitch 
and trajectory angles. There can also occur an inter¬ 
mediate state in which the torpedo continues to 
travel for some distance without striking either side 
of the cavity. 

If the torpedo enters directly along its trajectory, 
the initially acquired angular velocity will cause the 
nose to rise, and the subsequent retarding force will 
eause it to rise still farther. L nder these conditions, 
the tail will strike the bottom of the cavity, and the 
trajectory will curve upward. If the torpedo enters 
slightly nose-down to its trajectory, the suddenly 
acquired angular velocity may be just enough to 
overcome the nose-down angular velocity produced 
by the retarding force. The nose-down pitch angle at 
which this occurs may bo designated fis the critical 
pitch angle and is found to be something over 2 de¬ 
grees for the Mark 13 torpedo. If the torpedo enters 
much more nose-down than this critical angle, the 
nose-down turning produced by the retarding force 
will dominate the situation, and the tail of the tor¬ 
pedo v ill go to the top of tb cavity, pmdue P s 
a down-turning trajectory, and the torpedo will dive 
deep. 

The forces producing the suddenly acquired angu¬ 
lar velocity and the dependence of these forces on the 
entry conditions depend on the shape of the torpedo 
nose. Indeed, while for most nose shapes the torpedo 
receives an upward impulse, there are noses which 
are sufficiently blunt so that the torpedo nose re¬ 
ceives a downward impulse at entry and hence the 
suddenly acquired angular velocity will be nose- 


downward in direction. For blunt noses, which are 
rarely used on projectiles entering water designed for 
an underwater run (except for antisubmarine weap¬ 
ons), the previous discussion must be somewhat 
modified in a manner indicated in Seetion 6.3. For 
the finer shaped noses which Were implicitly assumed 
in the previous discussion, since the angular velocity 
acquired at impact depends on the nose shape, it is 
found that the critical pitch angle will vary with the 
nose shape. 

After a moderately well-defined distance along the 
trajectory, the cavity will close in behind the tor¬ 
pedo, and the normal hydrodynamic forces will begin 
to act. Except for the continuing retardation, the 
behavior of the torpedo can then be described in the 
terms Yksed ijt denting it* «U<wly rwater run. 

It appears that the major features of the initial 
trajectory are determined before the cavity closes so 
that these major features are not influenced by the 
movement of the torpedo rudders or elevators and, 
consequently, are not dependent on the depth-con¬ 
trol mechanism or the steering device. These mecha¬ 
nisms are important, however, in determining the 
trajectory after cavity closure. The hooks to the right 
or left, as well as the maximum depth of dive, are in¬ 
fluenced by the behavior of the depth mechanism, 
the extent to which the elevators are reduced in 
effectiveness by a shroud ring and the extent to which 
the torpedo heels over. It appeals also that a major 
part of the effect of a shroud ring on water-entry 
behavior is due to its shielding of the elevators and 
the corresponding reduction in curvature of the path. 
If the steady-state hydrodynamic constants of the 
torpedo are known, the trajectory after cavity col¬ 
lapse may be calculated (see Section 6.5). 

On the basis of this kind of a picture of the initial 
underwater trajectory and the approximate determi¬ 
nation of some of the constants involved, it is possible 
to predict with some degree of certainty the initial 
underwater behavior of the Mark 13 torpedo. Pre¬ 
sumably the same ean be done for the Mark 25, but 
this has not yet been thoroughly tested and verified. 
The situation is described in detail in Chapter 6, 
where equations are given that permit the computa¬ 
tion of the expected depth of dive for various entry 
conditions. In this work the effect of wind is shown 
to be of great importance. Launching the torpedo in a 
tail wind can easily provide sufficient nose-down 
pitch so that the torpedo dives deep and may well 
strike the bottom in shallow water. Launching in a 
head wind may cause the torpedo to enter with a 
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nose-up pitch such as to cause excessive broaching 
or to cause excessive torpedo damage on water entry. 

By analogy with the above argument, it can be 
seen that, when the torpedo enters the water with a 
y u w either rmse right or left, it will tend to in 

a more or less circular trajectory to the right or to 
the left. This will introduce the initial hooks that are 
frequently observed. Although there are other more 
important reasons for hooks, it appears probable that 
a cT'jSs wind {tutu tht left will ittxA >< W • luTDrtk) 
hook to the left and a cross wind from the right will 
tend to make it hook to the right. In other words, 
there is a tendency to hook into the wind. 

It would be highly desirable to find some shape of 
torpedo less sensitive than that of the Mark 13 to 
pitch angle and yaw angle at entry, and it seems quite 
possible that a proper combination of nose shape and 
large tail structure may do this. Nevertheless, there 
is at present no convincing evidence that any shape is 
significantly better than that of the Mark 13 torpedo 
with the shroud ring or that of the Mark 25 torpedo. 

3.3 CONTROL OF UNDERWATER 
RUN 

An aircrall torpedo, as well as aiij kttru A 

automobile torpedo, is equipped with steering and 
depth-control mechanism to make it travel on a pre¬ 
scribed course at a fixed depth. Since many torpedoes 
may travel for a considerable distance through the 
water, the steering performance is of importance in 
determining the probability of hitting the target. The 
depth-keeping performance is even more critical be¬ 
cause it is desired to set the torpedo to strike the hull 
of a battleship between the lower edge of the armor 
belt and the bottom of the ship. For these reasons, 
the design of a torpedo requires particular attention 
to this steering and depth-control mechanism. 

3.3.1 Hydrodynamic Stability 

The studies that have been made in this connection 
have led to a fairly satisfactory theory of torpedo 
control. It has been shown that the behavior of the 
io moil it not, onlv of the control mecha- 

l/Ul l/CUU lO liiiv ivoutu iioil -- - - - 

nism itself but also of the hydrodynamic character¬ 
istics of the torpedo body. These two things can be 
treated more or less separately, and the theory is now 
such that the necessary properties of the control can 
be fairly well specified when the hydrodynamic be¬ 
havior of the body is known. 


Some of the properties oi a torpedo can be deter¬ 
mined by the study of a model in a water tunnel or 
wind tunnel or by towing a full-scale body in a towing 
tank. Practically all torpedoes are statically unstable. 
This means that, if the torpedo is held at its center of 
mass while the water is pumped past it or if it is 
tow-ed by an attachment at its center of mass, it will 
not continue to travel with its axis parallel to the 
direction of motion. A slight displacement will cause 
;t tn turn one was or another and set itself at a con¬ 
siderable angle. A bare Impede body Would pi-Aably 
set itself at nearly 90 degrees in the direction of mo¬ 
tion, but, because of the presence of the tail fins and 
the shroud ring, an actual torpedo will not turn this 
far. 

Although this type of static instability is very 
striking, it is of relatively little significance in con¬ 
nection with the running behavior of the torpedo. 
The reason for this is that, when the torpedo axis 
turns slightly one way or another, the direction of 
motion of a free torpedo driven by its own propellers 
also changes. It is possible to set up a criterion, as is 
done in Chapter 8, for what is called dynamic sta¬ 
bility. A body is dynamically stable if, when it is 
displaced from its straight course, it takes up another 
relatively straight-hnc course in a direction slightly 
different from the original. On the other hand, if a 
body is unstable dynamically and is displaced slightly 
from its course, it will go into a circle and continue to 
turn with a definite radius of curvature. A body that 
is dynamically unstable can be steered, but it imposes 
a very considerable load on the steering mechanism. 
A body that is dynamically stable can be steered 
with much less anticipation in the rudder correction. 
A body that is statically stable will need very little 
steering since static stability usually corresponds to 
a high degree of dynamic stability, but it will be 
very difficult to turn. A body that is dynamically 
stable will always turn in the direction corresponding 
to its rudder position, while if it is dynamically un¬ 
stable it may turn in the opposite direction for small 
rudder angles. 

Owing to the simple shapes of conventional torpedo 
bodies, it is possible to set up a scale of stability in 
terms of the hydrodynamic constants of the body. At 
the one end is a region of dynamic instability, and at 
the other end is a region of static stability. Between 
these is a region of static instability but of dynamic 
stability, in which a steering device can turn the tor¬ 
pedo in a reasonable circle and also keep it on a 


CONFIDENTIAL 


14 


OUTLINE AND SUMMARY 


straight course without too great limitations being 
imposed on the steering mcehanism itself. 

The criterion for dynamic stability cannot be ex¬ 
pressed entirely in terms of coefficients that can be 
determined from straight-line motion in a towing 
tank or from ordinary measurements in a water 
tunnel. Additional measurements that can be made 
on a free-running body or that can be made by mov¬ 
ing the body in a large eireln in a towir* baaia rn" 
give these constants. 

This indicates the importance of a careful hydro- 
dynamic study of any torpedo body. Such a study 
must be made not only in straight-line motion but 
also in curved motion. In addition, it is important 
that the study be made with propellers attached and 
possibly even power-driven. The measured values of 
the hydrodynamic constants appear to depend 
strongly on whether the propellers are present or 
absent and possibly on whether they are driven or 
are free. 

3.3.2 Steering Mechanisms 

A steering mechanism may be either a two-position 
mechanism or a proportional mechanism. A propor¬ 
tional mechanism is such that the rudder displace¬ 
ment of the torpedo is proportiona. to the amoun t by 
which the torpedo axis departs om its prescribed 
direction. Ill a two-position mechanism the rudder is 
thrown hard over to one side or the other as soon as 
the torpedo departs more than a prescribed amount 
from its proper direction. There are also some other 
types that may be regarded as intermediate. 

A proportional mechanism may be such that, com¬ 
bined with the hydrodynamic properties of the body, 
it results in unstable oscillations of increasing magni¬ 
tude. This may be brought about if the control is too 
stiff, that is, if the rudder displacement divided by 
the deviation of the torpedo from the prescribed di¬ 
rection is too large a constant. Such an unstable 
system is, of course, unsatisfactory b«cau*L the tor¬ 
pedo wanders widely from side to side. Instability 
of this kind can be corrected by reducing the amount 
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of the rudder throw or „ _ 

Such a remedy reduces the curvature of the torpedo 
path and makes it more difficult to turn the torpedo 
in a prescribed direction. It also makes slower tbe 
correction of the course after a disturbance. In de¬ 
signing a steering mechanism, a proper balance must 
be struck between the necessity for stability and the 


necessity for a sensitive control or for a quick restora¬ 
tion after a disturbance. 

Probably one of the most important sources of in¬ 
stability and unsatisfactory performance of the steer¬ 
ing mechanism is the time delay that exists between 
the motion of the torpedo and the motion of the 
rudder. In an ideal control, the rudder is displaced 
just as soon as the torpedo departs from its course, 
hnt in mosti ractical devices the rudder displacement 
lags a little bit behind the torpedo displacement. This 
lag may amount to one- or two-tenths of a second 
and is probably one of the principal reasons why some 
control mechanisms will work at low speeds and not 
at high speeds. The time delay that can be permitted 
is just inversely proportional to the speed at which 
the torpedo is running so that the time delay that is 
troublesome at 30 knots may cause instability if the 
torpedo runs at 40 knots or more. 

The two-position control always results in oscilla- 
tio i of the torpedo about its course. If, however, this 
oscillation can be made of high enough frequency 
and of low enough amplitude, it is not serious. For 
example, if the torpedo oscillates at 1 c and turns 
through one-tenth of a degree in this time, the result 
will be quite insignificant. 

The time lag in a two-position control will reduce 
fr eq t wmy A usfcfliftk* 

increase the amplitude. Hence, in this type of control 
also, the time delay must be limited to an amount 
that does not produce too much oscillation. In fact, 
it is probable that the limitation on the time delay is 
more severe in the case of the two-position control 
than in the case of a proportional control. Never¬ 
theless, if a two-position control is properly designed 
and built, it. will steer just as well as a proportional 
control. 

3.3.3 Depth-Control Mechanism 

The depth-control mechanism may operate in the 
same two ways as the steering mechanism. It may 
produce an elevator deflection that is proportional to 
a given signal or combination of signals, or it may put 
the elevator either hard up or hard down. 

The simplest form of depth mechanism might sup¬ 
posedly be a simple pressure bellows attached to the 
elevator in such a way that, the deflection of the 
elevator is proportional to the amount by which the 
hydrodynamic pressure differs from its value at the 
desired depth. If, then, the torpedo were too deep, 
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the pressure would be too great, and the elevator 
would turn up. It turns out, however, that such a 
mechanism is unstable and that the torpedo would 
oscillate widely about its set depth. 

In order to get adequate depth-keeping, it is essen¬ 
tial to have some kind of an anticipatory device. 
Thus, if the torpedo is running at its set depth and 
turns in order to start up, the depth mechanism must 
detect this initial change in pitch which takes place 
before the depth has changed at all. Similarly, when 
the torpedo is above its set depth but has turned so 
as to start down, the depth mechanism must recog¬ 
nize this fact and restore the elevator to its neutral 
or up position even before the torpedo has reached 
the proper depth. 

Many kinds of anticipatory devices have been sug¬ 
gested, Tht ofit in -ukM ccr tan* »j*sp a*<I Uv 01 « 
that appears the simplest, is a pendulum. This pen¬ 
dulum indicates the angle of inclination of the tor¬ 
pedo axis. In a proportional depth-control mechanism 
the position of the rudder is then made proportional 
to a Combination J the departure Iron the m t depth 
and the inclination. 

This kind of depth control works very satisfac¬ 
torily tHhifcf sw*«Ue ucAt&tiene k twitnWy Vvimrl 
mechanism can control a torpedo, running at 45 
knots, to within 6 in. of its prescribed depth. Never¬ 
theless, the pendulum has numerous disadvantages. 
In the first place, the pendulum has a natural period 
of its own, and it is important that this natural period 
does not come too near to the natural period of depth 
oscillation of the torpedo. Furthermore, the torpedo 
mediate a 1 a wriftte. At vi M •' <• 

pendulum will not indicate any oscillation at all. This 
is called the frequency of antiresonanee, and it de¬ 
pends on the location of the pendulum within the 
torpedo. These two points can be taken care of to a 
large extent in the design and location of the pendu¬ 
lum, but they do impose certain limitations upon the 
kind of pendulum that can be used. 

Perhaps the most serious objection to the pendu¬ 
lum is its response to acceleration. Particularly in the 
case of an aircraft torpedo, the deceleration of the 


n 4r.».I« «• 4V» r\ n'nlnx tvioirric 4" 1> A |-\nr>rJI 1 1 1 1 DO 
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forward and turns the elevator up. If the torpedo 


remains right side up, this may lead to excessive 


broaching. If the torpedo rolls over 90 degrees to one 


side or the other, this action of the pendulum may 


cause large hooks, whereas, if it turns over com¬ 
pletely, a deep dive may be the result. For the same 
reason a submarine torpedo tends to dive when 
ejected from the tube since it accelerates at that time, 
throwing the pendulum back and hence the elevator 
down. Furthermore, the pendulum is sensitive to 
changes in speed occasioned by the uneven supply of 
the fuel to the turbines. This may cause erratic depth¬ 
keeping. In spite of all these objections, however, no 
other mechanism has yet been extensively used, and 
it may well be that the pendulum, because of its sim¬ 
plicity, will always be the most satisfactory and that 
its disadvantages can be minimized by suitable de¬ 
sign. Future changes may emphasize some disad¬ 
vantages. 

One of the means suggested for eliminating the 
ptWntum in I. uk in ’la placv u duviui nmn’tivi to 
the time rate of change of depth. This is not too 
satisfactory because the torpedo does not begin to 
climb until after it has changed its inclination. 
Nevertheless, the analysis shows that such a mecha- 
eor> he eon sf meted to give stable depth-keeping 
if the constants are carefully selected. In particular, 
if a pendulum is also included, stability can be guar- 
«t U«d hthI 0 -r dtHAdvsmtogr* d urihjg a yn hilurn 
alone can be minimized. 

Another suggestion has been the use of a gyroscope 
for indicating the vertical. The principal difficulty 
with this method is that a free gyroscope will not 
maintain its direction with sufficient accuracy for the 
depth-keeping. It is possible, however, to introduce a 
procession to keep the axis of the gyroscope perpen- 
tftmbU'VjlU roaiin 1 i«4lk n ul Ilk r.us . f tin l quin 
Although this device has been studied, it has not yet 
been given extensive service trials. 

The principal result of the study of depth-keeping 
is the development of a theory by which it is possible 
to predict the performance of any projected mecha¬ 
nism. If a depth mechanism has been built, its char¬ 
acteristics can be examined in the laboratory on a 
tilt table or another similar device. If the device is 
only projected, its expected characteristics can be 
used to determine the behavior of the torpedo under 
its action. Tests Have shown that the theory gives a 
close and fairly detailed description of torpedo be¬ 
havior so that there is no longer any excuse for the 
laborious production of depth mechanisms that can¬ 
not be expected to operate at all. 
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Chapter 4 

HYDRODYNAMIC AND AERODYNAMIC 
FORCES AND MOMENTS 


A torpedo is fundamentally an underwater weapon 
and so it is natural, although not necessarily 
correct, to consider its form primarily from a hydro¬ 
dynamic point of view. The principal objectives have 
always been the minimization of drag and the 
achievement of a reasonable amount of stability 
within the limitations of overall dimensions imposed 
by the payload and the launcher. Ill all ailnaft tor¬ 
pedo, however, the air travel and water entry must 
gm** wmjfn l <*jnsLWnd«*n ««nul 1 H r pn » i 

time it appears that the water-entry phase of the 
motion is of dominant importance in determining the 
structure since less can be done to remedy the effects 
of poor form or inadequate strength in this connec¬ 
tion than in others. For, in principle at least, the air 
travel can be stabilized by additional members that 
are removed on water impact, the underwater tra¬ 
jectory can be improved by the control system, and 
any extra drag can be offset by an increase in power 
plant. Tt is, however, still of the greatest importance 
to understand the hydrodynamic forces and moments 
expenw^td *MiA: 4t> 

shape design is still available after water-entry re¬ 
quirements are satisfied and, in any event, the design 
of the control system and the power plant depends on 
these factors. 


4.1 DRAG 

The drag is the component of hydrodynamic force 
in the direction of the instantaneous velocity vector 
and always opposes the velocity. Since it is balanced 
mainly by the thrust of the propellers, it is of domi¬ 
nant importance in determining the power required. 
For very small speeds the drag is entirely due to 
VfeeuUt: in I 1* wf tandtt&r' w*r gto-njuu 

ing the torpedo and hence is proportional to the 
speed. For speeds of practical interest the boundary 
layer is turbulent while the flow slightly farther out 
is smooth, and cavitation is usually not well enough 
developed to be significant. In this regime the drag 
tends to be more nearly proportional to the momen¬ 
tum transferred to the torpedo by turbulent masses 
of water in the boundary layer (dynamic pressure), 
that is, to the square of the speed. Experiments on 


models in the high-speed water tunnel, experiments 
on airships and airship models, and modern theories 
of the turbulent boundary layer indicate that the 
exponent is in the range 1.8 to 1.9. Thus the power 
required varies as the 2.8 to 2.9 power of the speed. 

The influence of the drag on the underwater tra¬ 
jectory at entry is of secondary importance and 
bhuWs up piiiiuipuAly iii the di_A .lt t. iti,.ii that euii- 
tinues after the collapse of the bubble. The effect of 
■ 'cult ,M thi ^ ml Jon f ' ^ e mtrnU during tW 
steady run is of still less importance. In both these 
cases it is a sufficiently good approximation to assume 

tiled ti ,t drag is proportional to the aquaro of the 

speed, and this simplifies the analysis of Part III. 
Therefore, a drag coefficient can be defined as at 
the end of Section 4.3. 


4.2 MOMENT 

An elongated object such as a torpedo moving 
through a nonviscous fluid with a fixed acute angle 
uf tiiyl tit Irrtjgftttdirod *ti» a*-' it* u.- 

locitv vector would be expected to experience an 
upsetting moment which would tend to increase the 
angle of attack. The moment observed experimen¬ 
tally in straight-line motion agrees with this predic¬ 
tion in sign, in the near proportionality to attack 
angle for moderate angles, and in the proportionality 
to the square of the speed. Since this moment, as well 
as the remainder of the hydrodynamic moments and 
forces, is made up of the totality of normal forces or 
pressures exerted on various parts of the hull and 
empennage, and since these pressures are propor¬ 
tional to the dynamic pressure (p/2) V 5 for fluid 
density p and speed V, it is convenient to define a 
, 4 T u-iwUn romorrt r.» nl fi# lip lfw mliUin 


M = moment = 


VUICm , 


( 1 ) 


where A and l are the largest cross-sectional area and 
the overall length of the torpedo. This coefficient is 
found to be practically independent of speed. For a 
symmetrical body moving along its axis Cm = 0; its 
derivative with respect to attack angle is positive, 
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meaning that the moment tends to increase the angle 
of attack. 

The addition of tail fins or a shroud ring to the aft 
end of a bare torpedo hull always decreases the mag¬ 
nitude of the derivative of Cm with respect to attack 
angle and could, in principle, make it negative if car¬ 
ried far enough. Actual torpedoes appear always to 
have a positive derivative in the neighborhood of zero 
anj£e ef attack. I» a similar way the of the 

control surfaces affects the value of Cm- When these 
are mounted on the ends of the fins, deflection of the 
control surface in one direction produces a loice on 
them in the opposite direction and hence a moment 
that ti nd B to swing the nose of the torpedo in the 
direction of the deflection. 

4.3 CROSS FORCE 

Although an object moving through a nonviscous 
fluid with constant velocity and orientation expe¬ 
riences no force perpendicular to its velocity vector, 
the actual torpedo does. This is due to the effect of 
viscosity in unbalancing the dynamic pressures on 
various parts of the body. The resultant lateral foice 
L can be expressed in terms of a dimensionless force 
coefficient Cl- 



For a symmetrical body moving along its axis 
( L ~ i)■ its derivative with respcAAo attack.fe 
positive, meaning that an attack angle produced by 
deflection of the nose in one direction will result in a 
force in that direction. This agrees in sign with the 
well-known lift force observed in airships flying with 
nose up. From the discussion of Section 4.2 it follows 
that an increase in empennage area increases the 
magnitude of Cl and that a deflection of a control 
surface in one direction produces an increment of 
force in the opposite direction. 

By analogy with the treatment of the lateral force, 
it is convenient to represent the drag force discussed 
in Section 4.1 in terms of a drag coefficient C D : 

b = drag « Q VUCt, (3) 

Although C u is less independent of speed than Cm or 
Cl, it is often a useful approximation to regard it as 
constant -with respect to changes of speed. Experi¬ 
mental evidence indicates 
of the attack angle and rim 
surfaces for moderate values of these quantities. 


4.4 DAMPING MOMENT AND 

FORCE 

The discussion thus far in this chapter is limited to 
the forces and moments encountered in straight line 
motion. When the center of gravity [CG] of the tor¬ 
pedo moves in a curved path, it is convenient to 
divide the net forces and moments into two parts. 
The first is that experienced bv the torpedo when 
moving along a straight line, with the attack angle 
that the CG has in the curvilinear motion. The 
second 1 .an is AdihieA %u be the and <* ' - 

ferred to here as the damping force or moment. 

It is apparent that, in general, curvilinear motion 
of the CG results in rotation of the torpedo about a 
transverse axis that is perpendicular to the plane of 
the motion. This rotation combined with the for¬ 
ward motion results in an attack angle that varies 
along the length ui dieAorpfetic ahdirtfitCE aEmSAxgt b. 
the pressure distribution referred to in Section 4.2. 
The damping force and moment would therefore be 
expected to be proportional to the angular velocity u 
of the torpedo, at least for small to, since the pressure 
at each point is proportional to (p/2)F 2 and the 
change in attack angle at each point is approximately 
iox/F, where x is the distance from the CG. The 
resultant force would be expected to be nearly per¬ 
pendicular to the axis of the torpedo so this compo¬ 
nent is called Fw and the drag component is neg¬ 
lected. Similarly, the resultant moment will have the 
TW** eat tU ■ '• written in terms of di¬ 
mensionless coefficients Cf and Ck that are expected 
to be independent of speed: 

The damping moment always opposes the angular 
velocity, and, in general, a rotation that moves the 
nose in one direction gives rise to a lateral force in 
the same direction. 

Although there is some evidence that C F and C K 
depend on attack angle for other bodies, the data on 
torpedoes is so meager that it is customary to regard 
them as constants. The discussion of Section 4.2 
indicates that the magnitudes of both of these co¬ 
efficients should increase with increase in empennage 


area. 


that C D is also independent 
dulifc'jtiuli ui ti; 3 CiAAwA 


Torpedo propellers generally add a cross force at 
<l»e t upedu tttrt *nd b' ' - "w all the ht dro- 

dynamic coefficients. This will be discussed further. 
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51 THEORY OF THE AIR FLIGHT 

6.1.1 The Equations of Motion 

I n chapter 4 the forces acting on a torpedo during 
its motion through either air or water were de¬ 
scribed, and dimensionless quantities were defined in 
terms of which it is convenient to express them. In- 
Chapter 7 the equations of motion of the torpedo in 
water will be more fully discussed in terms of these 
coefficients. Here the approximate equations will be 
written down and solved to the extent necessary for 
an understanding of the air flight. 

Let the origin of coordinates be at the position of 
the torpedo CG at the time of release, and let the 
x axis be horizontal in the direction of forward mo¬ 
tion. Let the y axis be vertically downward, and let 
the z axis be perpendicular to these two so as to make 
a right-hand system of coordinates. 

If the effects of the air are to be neglected, the 
equations of motion are veiy simple and can be 
written directly as 

x — 0, 

y = g, ( J ) 

z = o. 

The solution of those equations gives the well-known 
parabolic trajectory. 

If the resistance of the air is to be taken into 
account, the equations become a little more compli¬ 
cated for the drag is proportional to the square of the 
velocity and always acts opposite to die direction oi 
motion. This leads to the equations 

x = —kxV , 

y = g-kyV , 1 ‘ 2 ) 

z = —kzV , 

where k — ( /,p-I 2.1 / - C/> is the drag coefficient de¬ 
fined in Chapter 4, p is the density ot The ah, A is 
the cross-sectional area of the torpedo, and M is the 
effective mass of the torpedo. The drag coefficient 

a The change in density of the air with altitude is neglected, 
and the drag coefficient is constant over a sufficient range of 
yaw and pitch angles. 


C D is that pertaining to the torpedo and its stabiliz¬ 
ing appendages. These appendages may give rise to 
the major part of the air resistance. 

The solutions of equations (2) will be discussed in 
the Section 5.2 where it will be shown that, because of 
the air resistance, the horizontal velocity will tend to 
decrease during the drop. At the same time the ver¬ 
tical velocity will be less than it would be at the cor¬ 
responding time if the drop were in vacuum. This can 
he described roughly by saying that the effective 
acceleration of gravity is somewhat reduced by the 
air resistance. It will also be shown that a torpedo 
dropped from a given height will have a reduced 
range and an increased time of drop compared with a 
corresponding drop in vacuum. 

In addition, because of the air resistance, the ver¬ 
tical and horizontal motions will no longer be inde¬ 
pendent. For example, the time of drop for a torpedo 
launched horizontally from a given altitude will de¬ 
pend slightly on the release velocity. 

It was shown in Chapter 4 that, in addition to the 
drag force dm to the sir, thru +ran=versp forces. 
These arc zero when the torpedo is traveling in a 
straight line parallel to its axis but come into play 
when the torpedo axis deviates from the direction of 
motion or when the direction of travel is changing. 
These forces will be neglected at first in the treatment 
given here because they are small and because the 
torpedo oscillates in its flight so that the forces act 
alternately in one direction and then in the other. 
For these reasons it appears that their neglect is 
»„uAry justibcdh any pWA'lvttc' * A *0- 

trajectory. 

In addition to the motion of the center of mass, it 
is necessary to study the motion of the torpedo about 
this eviitui beesase the attitude of tbe terp'.i'j as it 
enters the water is of the utmost importance. Let 6 
be the angle between the tangent to the trajectory 
and the x-z plane, and let 6 be positive when the tor¬ 
pedo is b'rfeig,. TLeii tfcii t ^ 

addition, let a be the angle in a vertical plane between 
the torpedo axis and the trajectory, and let it be 
positive when the torpedo is nose-up. Similarly, let 
\P be the angle in a horizontal plane between the tor¬ 
pedo axis and the trajectory. These two angles are 
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small enough to be treated entirely independently. 
The equations of motion are then 


a + pa + qa = p6 + # , 

$ + p'4 1 4- q'i = o. 


(3) 


The first equation contains no term in 6 because the 
restoring force is such as to urge the torpedo to lie 
parallel to the trajectory. The terms in 6 and 6 appear 
because the direction of the trajectory is changing. 
The second equation has zero on the right side since, 
to the accuracy considered here, the projection of the 
trajectory on the horizontal plane is a straight line. 

The coefficients q and q' are expressible in terms of 
the moment coefficient Cm defined in Chapter 4, 


In the first place, the axes were so chosen that z is 
zero at the time of release. It will then be assumed 
that z never becomes comparable with A so that in 
equations (2) V will be taken as (A' 1 + y T ) "• The equa¬ 
tions to be treated will then be 

x = — kx(x 2 + y 2 ) h , 
y = + $*)*, (6) 

z = 0. 

The procedure will be to first get a suitable ap¬ 
proximate solution to equations (6). This will then 
provide the value of 6 as a function of the time to 
insert in equations (3). 

The initial conditions to be used at the time t — 0 
are as follows. 


(4) 

a 2 I 

In this expression Cm refers to the moment around a 
horizontal transverse axis through the center of mass, 
and I is the effective moment of inertia about this 
axis, q' can be expressed in a similar fashion in terms 
of the moment around the vertical axis. With some 
types of stabilizers these two moments are quite 
different, but the purpose of the stabilizers is to make 
them both positive. With air stabilizers making 
q > 0 and q' > 0 the torpedo, during the air flight, 
is statically stable, thus insuring a high degree of 
dynamic stability. Because of this high degree of 
dynamic stability and since the air disturbances are 
quite small, a torpedo in air does not have to be 
steered. 

Similarly, referring to Chapter 4, 

p = Ck^AI 2 j . (5) 

The solutions of equations (3) will be discussed and 
the nature of the motion illustrated in later sections. 

5.1.2 Simplification for Solution 

Although only parts of the complete equations are 
written down in the previous section, they are still 
too eomplicated to make a complete and rigorous so¬ 
lution profitable. Therefore, certain additional sim¬ 
plifying assumptions will be made to aid in under¬ 
standing the nature of the motion. 


x(0) = z/fO) = z(0) = 0 because of the location of 
the origin, 

Aq = horizontal component of release velocity, 
y 0 = vertical component of release velocity, 

Zo = 0, 

a 0 = pitch angle of torpedo at release, 
a 0 = pitching angular velocity of torpedo at re¬ 
lease, 

\p a = yaw angle of torpedo at release, 

4, 0 — yawing angular velocity at release. 

5.1.3 Solution for the Trajectory 

Even the simplified equations (6) cannot be solved 
exactly but must be given an approximate treatment. 
Hence define a quantity u as 

u = tan 6 — -. (7) 

x 

Then from equation (6) it follows that 

u= 9 -, ( 8 ) 

X 

and 

u = gk( 1 + it 2 )'*. (9) 

This last differential equation in u can be solved in a 
power series, so let 

u = c n t n . (10) 

71=0 
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From the differential equation it follows that 
Co = Mo = tan 9o , 

g 

Cl = Mo = — , 

x 0 


It is sometimes necessary to know the total ve¬ 
locity as a function of the time. The velocity at 
water entry is one of the initial conditions of the 
underwater trajectory, and the velocity in the air 
determines the forces acting on the torpedo. Since 
the velocity in the z direction is neglected, 


Mo 

— sec 0o, 

~2 ~ 

2 

Mo 

(/'!; . 

— sin 0 O , 

G ~ 

6io 

Mo 

g 2 k , 

— — (g cos' 

24 “ 

24x 0 2 


(g cos 3 60 + kx o 2 tan da). 


V = Or 2 + y 2 ) % = x(l + m 2 )’ 4 = ~ . (15; 

feu 

If the terms containing i 2 are retained in both the 
numerator and the denominator, this becomes 

y _ 2 Ct + Gcp t + 12ci< 2 Qg-j 

k{ci + 2 cit + 3 Cot 2 ) 


Each quantity desired can then be expanded in 
powers of t. 

u = tan 0 ~ Uq t sec da t? + • • • (11) 

±a 2 


From (8) it follows that 


M 

= xo f 1 - kxa sec0o t+ (kW sec 2 0 O — sin 8 0 )t 2 



so that 


The velocity first falls off because of the air resis¬ 
tance and then later increases because of the accelera¬ 
tion of gravity. The initial decrease is not present 
when k = 0, and the later increase is less rapid than 
in the vacuum trajectory because of the air resis¬ 
tance. The value of t corresponding to a trajectory 
angle 0 can be obtained from equation (11). 

For some purposes, in particular for estimating 
the stabilizing moments on the torpedo during its 
air flight, it is convenient to use an average value of 
the velocity, V. For torpedo launchings it is often 
desired to produce a specified entry angle, 0„, and to 
know the time average of V up to the time this angle 
is attained. With sufficient accuracy the time over 
which the average is desired is given by 


= / ' xdt = ±ot - sec dot 2 
J o 2 


+ 4 ffc 2 X(i 3 sec 2 0n — sin 0c) • • • (18) 

To-' 2 


Equations (11) and (12) show that the horizontal 
velocity is always less than the initial velocity and 
the horizontal distance traveled in a given time is 
less than would be traveled in vacuum. 

Similarly, from equation (7), 


~ mT — n 


Co + Cl t + Cot 2 
Cx + 2c.,/ 

ya t gt 


f S ec dot 2 


1 + kxo sec dot + ~ sin dot 2 
£ 


(14) 


Then 


t e = — (tan dc — tan 0 O ). (17) 

g 


V 



u 1 , 

- dt = — log 
U kte 


w(t) 

m(0) 


_ 0 _ 

fcxo(tan0« — tan0 o ) 


log 


/ Ci+2c 2 i„+3c 3 /. 2 +4c4/ 


V 


Cl 


A 

-J- 


To the accuracy of this expression V, the average 
velocity during the drop is a function only of the 
horizontal component of the release velocity, the 
trajectory angle at release, and the trajectory angle 
at entry. For many purposes, this may be treated as a 
constant velocity during the drop. 

In the treatment thus far the air force has been 
considered as acting along the trajectory and through 
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the center of mass. In other words, drag only has been 
considered. As a matter of fact, other forces are also 
acting. Among these the most important in its in¬ 
fluence on the trajectory is the lift force. This acts 
perpendicular to the direction of motion and is pro¬ 
portional to the pitch angle of the torpedo. Since the 
torpedo oscillates during its flight so as to have alter¬ 
nately nose-up and nose-down pitch, this effect will 
be relatively small. There will be a small residual 
effect due to die fact that the torpedo oscillates about 
a position that is slightly nose-up because of the 
curvature of the trajectory. An additional mean 
pitch, either up or down, can be produced if the 
stabilizer is not symmetrical. 

A significant effect on the trajectory may also be 
produced if the stabilizers are not quite symmetrical. 
A stabilizer, either intentionally or unintentionally, 
can be essentially an airplane wing and carry the 
torpedo much farther than it would travel without 
such an attachment. In case a stabilizer is designed 
to perform this function, provision must also be 
made to stabilize against roll. This has been done in 
British air stabilizer, but it requires a consider¬ 
able complication of the equipment. 

5.1.4 Pitching and Yawing Motions 

Pitch Oscillations 

Thus far the trajectory of the torpedo has been 
treated by neglecting the effect of pitching and yaw¬ 
ing motions, these motions have been neglected 
since their net effect is small because of their oscilla¬ 
tory nature. An expression for the resultant velocity 1 
has been obtained and also a relation derived for the 
average velocity during the drop 1 so that for any 
drop V may be regarded as constant and equal 
to V. 

Since in the equations (3) for the pitching and 
yawing motions p and p' are proportional to V, and 
q and q' are proportional to I’ 2 , we can regard these 
quantities as constant during the mop, and l.ieit 
magnitude will be given by the constant I which 
depends on the horizontal release velocity and tra- 
Jectuiy angles at release an4«iitry. 

It is well known that if a torpedo is released in air 
without any appendages, such as stabilizers, it will 
tumble. It is necessary to install a stabilizer in order 
to create a moment that tends to line the torpedo up 
with its trajectory. With such a restoring moment, the 
torpedo, in general, will oscillate about its mean pitch 


angle, and it is also necessary to have these oscilla¬ 
tions damp out as rapidly as possible. In the Mark 13 
torpedo this damping is more than doubled by means 
of the drag ring, or pickle barrel. 

If the axis of the torpedo makes an angle with the 
trajectory at release (the pitch angle at release) or if 
the axis of the torpedo is rotating with an angular 
velocity at release (the pitching angular velocity at 
release), the torpedo will proceed to oscillate while 
it is falling. 

However, even it the pitf.ll angle and pitching 
angular velocity at release are both zero, the torpedo 
will still oscillate during its fall. This is due to the 
fact rLot npnt.pr of gravity of the tomedo is mov¬ 
ing along a curved trajectory and the axis of the tor¬ 
pedo at release may be along the trajectory, but it 
must turn to keep up with the changing direction of 
travel. 

For the pitch, the first of equations (19) must be 
solved. 


a + pa qa = p$ +0. (18) 

The right-hand side of this will be Treated as a 
known function of time since the approximate equa¬ 
tions for the trajectory have already been solved. 
Tiiis fa t^ > i’ r> or> inhomogeneous differential equation, 
and its complete solution is obtained from the sum of 
the solution of the homogeneous equation 

a + pa + qa = 0 i,i9) 


and a particular solution of the inhomogeneous equa¬ 
tion. The solution oi the homogeneous equation will 
be chosen so as to depend on the release conditions of 
the torpedo, the pitch angle, and pitching angular 
velocity at release. The particular solution will then 
be chosen to be independent of these initial condi¬ 
tions and will then represent the value the pitch 
angle a would have if both it and tne pitcmng angu¬ 
lar velocity at release were zero, the particular 
su'iuriuix is then thv. pMt of a•« Ust' ’ ” ' ' '*'* 

torpedo traverses a curved trajectory. 

rtf +Vip hnmntrpnPOllS pniiation is 


ai (t ) = c-r' 21 cosc ot + + — — sin, (20) 

where to = Vt/ — (p/2) 2 , 

a 0 = pitch angle at release, 

d 0 = pitching angular velocity at release. 
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It should be noted that: q is proportional to P, and 
p is proportional to V, so that to is proportional to I. 

The particular solution of equation (18) leads to 
integrals which cannot be simply expressed. How¬ 
ever, by partial integrations, a solution is obtained 
which is a very good approximation and is certainly 
sufficiently accurate for the problem being treated. 
Thus the particular solution of equation (18) may 
be taken as 

a 2 (t ) = — [0(<) sin v + e~ vl2 ‘ 0(0) sin (tot - n) ] (21) 

cor 

where r = = \/to + (p/2) 2 and is proportional 

to V, 

t) = tan -1 ( —2<o/p) and, since u and p are both 
proportional to V for a given torpedo with given air 
appendages, jj is a constant. 

Equation (10) gives tan 6 as a function of the time 
and from it the value of 0(0 and 0(0) can be obtained. 
Combining the two integrals gives the complete so¬ 
lution for the pitching moment. 

a (t) = e- pli ‘ j- — - 0(0) sin n J cos tot 

+ 1 i «o + p— + -0(0) cost, isinoO 

coL 2 r J 1 

+ — 0(0 sin i ]. (22) 

cor 

Examination of the pitching motion given by this 
solution indicates that the motion may be described 
as damped oscillations about a mean position which 
is ilseh decreasing with tiiim. Tire Lff-A teWn 
sents damped oscillations, while the second term is 
not oscillatory but decreases monotonically with 
time. It is clear that increasing p, which may be 
achieved by increasing the release velocity i 0 , de¬ 
creases the magnitude of the pitch angle. This is even 
more effective than increasing the height of drop y, 
since p « Xo(y e )'"- 

Yaw Oscillations 

We may now consider the yawing motion during 
the air flight. This is described by 

if + p'if + q'op = 0 • (23) 

The solution of this equation yields the yaw angle 
as a function of time, namely: 


t(l) = e-»' l2t (Vo cos oo't + h + Pfo /? sin uo't^ (24) 

where to' = V / g' — (p'/2) 2 , 

= yaw angle at release, 

= yawing angular velocity at release. 

The solution is that of a damped harmonic mo¬ 
tion. In this case, if the torpedo were released with 
zero yaw angle and yawing angular velocity (tfo = 0 
and ifo = 0), the yaw angle would always be zero 
during the drop. 

5.1.5 Further Approximations 

In this section the equations of motion were sim¬ 
plified and a solution obtained in which the forces 
acting on the torpedo were its weight and the drag 
forces. With these forces the trajectory was obtained 
and is given by equations (13) and (14). This tra¬ 
jectory lies in one plane since the forces perpendicu¬ 
lar to the initial plane of motion are negligible. With 
these forces solutions t«. the pitching ami yawing 
motion were obtained and are given by equations 
(22) and (24). The pitching motion may be described 
as damped oscillations of the axis of the torpedo 
about u mean puSituITi which ift ticA ECTc ^ ♦lightly 

nose-up and decreases with time, while the yawing 
motion is that of damped oscillations about a mean 
position of zero yaw. 

These results may be considered a first approxima¬ 
tion. For, having obtained the solutions for a(t) and 
if'(i), one may apply a method of successive approxi¬ 
mations. Thus, substituting the expl’eSSiuTlS lor u(t) 
and \p(t) in more complete equations, the equations 
A LrgjWU W- lilUi M solved nfaim The 

primary effect will be that the center of gravity of 
the torpedo will oscillate with very small amplitude 
about the trajectory. Then from this solution one 
may obtain an expression for S(t) and ■.!/)• Using 
these expressions, a further approximation may be 
obtained for a(t) and \K0- 

These further approximations are not carried out 
here because the accuracy with which the various 
quantities are needed does not require them. 

5.2 DISCUSSION AND ILLUSTRATION 
OF THE THEORY 

Throughout Section 5.2, where illustrations and 
magnitudes are given, except when stated otherwise, 
they will always be given for the Mark 13 torpedo 
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with shroud ring, fitted during the air flight with the 
Mark 2-1 stabilizer and Mark 1 drag ring (pickle 
barrel). The constants are given in Section 5.4. 

5.2.1 Air Trajectory 

Plot of Horizontal Distance as a Function 
of Time x{t) 

Figure 1 is a plot of x(t) for the special case of 
horizontal release, 0 O = 0, as given by equation (13) 



Figure 1. Horizontal range versus time from release. 

in Section 5.1. From this figure one may readily see 
the effect of release velocity and drag coefficient 
(proportional to k) on the horizontal travel of the 
torpedo. Thus x(t) is plotted for x 0 = 200 knots and 
350 knots, and at each of these release velocities the 
horizontal travel in a vacuum is plotted (k = 0), 
namely, x — x 0 t. 

From this figure it is readily seen that the hori¬ 
zontal range covered in any time is considerably less 
than the range covered in the corresponding time 
along a vacuum trajectory. 

Also from this figure it is noticed that increasing 
the release velocity also increases the amount by which 
the actual range (with drag) is less than the vacuum 
range. This is exactly as expected since the drag forces 
are proportional to F\ 


Vertical Fall as a Function of Time y(t) 

Figure 2 is a plot of y(t) for the special case of 
horizontal release, 6o = 0, as given by the integral of 
equation (14). Here again the graphs are drawn for 
release velocities of 200 knots and 350 knots, and, for 
comparison, the vacuum vertical falls, given by 
y = gt 2 /2, are also drawn. 

From this figure it is seen that in a given time the 
torpedo in a vacuum will fall through a greater ver¬ 
tical distance than a torpedo in air. Or, equivalently, 



Figure 2. Distance of fall versus time from release. 

when both torpedoes are launched from the same 
altitude, the one in air will take a longer time to 
strike the water than the one in a vacuum. 

This effect is also seen to be larger the greater the 
release velocity. Here again this is true since the 
coefficient of the t 3 term which represents a retarda¬ 
tion of the fall, increases roughly as x 0 . 

Trajectory of the Torpedo y versus x 

From the preceding graphs one may easily plot y 
versus x, which is the actual path of the center of 
gravity of the torpedo during the air flight as shown 
in Figure 3. This figure shows that, for two torpedoes 
launched from the same height, the one traveling in a 
vacuum (without air forces) would travel farther 
than the one launched in air, and the amount by 
which it would travel farther increases with the ve- 
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locity of release because retarding forces increase as 
the square of the velocity, 

Horizontal Velocity as a Function of Time x(t) 

In Figure 4 x(t) is plotted for horizontal release at 
velocities of 200 knots and 350 knots. For compari- 



Figure 3. Distance of fall versus horizontal range. 



Figure 4. Horizontal velocity versus time from re¬ 
lease. 


son, the vacuum horizontal velocity is drawn, this 
being a horizontal straight line on the graph with 
magnitude equal to the release velocity x 0 . It is seen 
that the horizontal velocity decreases with time in¬ 
stead of remaining constant, and the rate at which 
it decreases is approximately proportional to £o 2 . 


Vertical Velocity versus Time y(t) 

From Figure 5 it is seen that the vertical velocity 
with air forces acting on the torpedo is less than the 
vertical velocity without the air forces. For a vacuum 
trajectory the graph, y(t ) is a straight line with a 
slope equal to g. The drag force serves to decrease the 



slope with increasing time. Increasing the release 
velocity causes the vertical velocity to deviate more 
from the vacuum trajectory value. 

It is interesting to note the terminal velocity of the 
Mark 13 torpedo. This velocity is defined as the ve¬ 
locity the torpedo would have if it fell for an infinite 
time or, alternatively, the velocity the torpedo has 
when the drag forces are equal and opposite to the 
weight. This is readily seen to be terminal velocity 
= - y/gjk = 848 ft per sec, and without the Mark 1 
drag ring = 1,325 ft per sec. 

Resultant Velocity 

In Figure 6 the resultant velocity V = V* 2 + f as 
given by equation (16) is plotted for horizontal re¬ 
lease, 0 O = 0. Curves are shown for a vacuum tra¬ 
jectory and for the trajectory with air forces acting 
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on the torpedo, with release -velocities of 200 knots 
and 350 knots. For horizontal release, one should 
expeet V at first to decrease and be less than Xo, 
whereas for larger values of t after the acceleration 
due to gravity has become important, V should be 
larger than x„. For a vacuum trajectory V =£ x 0 during 
the entire drop. 


...WAi'L/ 

i>r 

- 

r’Y***. 

• . iVEMCS vcioctry 



* 0 - 350 KNOTS 


[VACUUM TRAJECTORY ’ ^ a 55 Q KNOTS 

j AIR TRAJECTORY —“ 0 ' -,300 

\ VACUUM TRAJECTORY £ g £00 KNOTS - 


AIR TRAJECTORY T. - ’ 

k = 4.5 X 10 FT. 


/ 
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In addition, in Figure 6 the value of V for 0,, = 23 
degrees as obtained from equation (17) is noted. 
From the form of F(f) it is seen that, for the range of 
times of interest, one should be able to approximate 
V(t) by some average value whieh is constant during 
the drop. For the two release velocities in question 
it is seen that V in the range of time of interest is 
always elose to V (f ). 

In Figure 7, for future use, V in knots is plotted 
against x 0 in knots for horizontal release with 0„ = 23 


I ^ V ' £\ 

V . {kit q* t*) .. / Z«0 

1 > r v ■ ‘o; 4. 5 r 


AVERAGE VELOCITY 


O Z 4 6 8 10 12 

TIME IN SECONOS 

Figure 6. Resultant velocity versus time from re¬ 
lease. Also average velocity in time corresponding to 
0, = 23°. 

From Figure 6 it is seen that the resultant velocity 
curve is of this form. At the higher release velocity of 
350 knots the resultant velocity is less than the re¬ 
lease velocity for times of drop of interest in most 
torpedo launehings. For the lower release velocity 
the resultant velocity is about equal to or larger than 
the release eloeity for the times of interest. Thus, 
for example, if the torpedo enters the water with a 
trajectory angle 9 C of about 21 degrees, with a re¬ 
sultant velocity of about 317 knots, it would cor¬ 
respond to releasing the torpedo with a horizontal 
velocity of 350 knots from an altitude of about 630 ft. 
The entry velocity in this case is about 33 knots less 
than the release velocity, even though the torpedo 
was released from 630 ft. 
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HORIZONTAL RELEASE VELOCITY, X 0 IN KNOTS 

Figure 7. Average resultant velocity versus horizon¬ 
tal release velocity for 9, = 23°. 

degrees. It is noticed that for low velocities V > .f 0 , 
while for the higher release velocities V < x 0 . 

Trajectory Angle 0(f) 

For horizontal release at velocities of 200 knots and 
350 knots, 0(f), as given by equation (11) and for a 
vacuum trajectory, is plotted in Figure 8. 0(f) would 

1 , I 1 f 1.1. - - , ......T ?1 O nn n fliri nf 1 ATI 

De tne siope oi uie cuives m riguic u ao A 
time. From this plot it is seen that the trajectory 
angle with the air forces acting is greater than the 
vacuum value at any time during the drop. The 
difference is larger the greater the release velocity 
and is, in general, not negligible. 

By means of graphs of x(f), x(t'), y(t ), y(t ), y(x ), V (f) 
and 0(f) for horizontal release, with velocities of 200 
knots and 350 knots, with a k value corresponding 
to the Mark 13 torpedo fitted with the Mark 2-1 
stabilizer and Mark 1 drag ring, and the correspond¬ 
ing graph for the vacuum trajectory, the theory de- 
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Figure S. Trajectory angle versus time from release. 
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Figure 9. Nomogram for air flight with horizontal release of Mark 13 torpedo fitted with Mark 2 1 
Mark 1 drag ring (pickle barrel). 
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veloped in Section 5.1 has been illustrated. In general, 
the nature of these curves may be explained by the 
fact that the external forces acting on the torpedo are 
proportional toF 2 and consequently will vary like x 0 2 , 
the square of the release velocity. Thus the amount 
by which the actual trajectory differs from the 
vacuum trajectory increases roughly as x 0 ‘. 

In general, the primary effect of the air forces is a 
deceleration so that from a given altitude it takes 
longer for a torpedo to reach the water when launched 
in air than when launched in a vacuum. The vertical 
velocity and the horizontal velocity and range are less 
than in a vacuum, and the vertical velocity I is usu¬ 
ally less than the release velocity. Also, for the same 
launching condition, the torpedo will enter the water 
with a steeper trajectory angle when launched in air 
than when launched in a vacuum. 

The results can also be combined into a nomogram 
as shown in Figure 9. From release velocity and alti¬ 
tude, the entry angle and horizontal range, for hori¬ 
zontal release, can be determined quickly. 

6.2.2 Pitch Oscillations 

When the torpedo axis is nose-up relative to the 
trajectory (flat pitch), a is the pitch angle and is 
positive. When the torpedo is nose-down (steep 
pitch) the pitch angle is negative. 

Complete Solution of Pitch Oscillations 

Figure 10 is a graph of the pitching motion with 
the initial conditions of an = — 4° nd do = 15 degrees 
per sec, as given by equation U2) for horizontal 
release with velocities of 200 knots and 350 knots. 

xt • i 1 , «r.«»irtQ» r »Anr1infr fn tVlP VfllllP of V 

using tiie constants — 

associated with this x 0 we have 


Particular Solution 

From Figure 10 it can be seen that the oscillations 
are not symmetrical about zero pitch angle but that 
there is a bias to a nose-up angle, This bias is repre- 



Figure 10. Pitch angle versus time from release 
a 0 = —4°; do = 15 degrees per sec. 

sented by the particular solution, a t (t), of the equa¬ 
tion of motion for the pitch oscillations. The par¬ 
ticular solution is independent of ao and do, but it 
does depend on the release velocity. In Figure 11 the 


1. = 338 ft per sec, 

00 = 2.76, 


V (knots) = 200 knots, 
p =0.588, 



2. xq = 592 ft per sec, F = 330 knots, 

00 = 4.56, V =0.97. 

+v.ici fimiro tf, f.t ti he seen that increasing the 
release velocity increases the frequency of the motion 
and, for the same initial conditions, decreases the 
amplitude, co which is the angular frequency of the 
motion is proportional to V which in turn varies like 
xo, and p which is a measure of the damping is also 
proportional to V. Increasing V increases the fre- 


Figure 11. Pitch angle given by particular solution 
versus time from release a o — 0°; do = 0 degree per sec. 

particular solutions are plotted for the two cases 
illustrated in Figure 10, x 0 = 200 knots and 350 knots. 
It can be seen from this figure that for many applica¬ 
tions, the magnitude of the particular solution is not 
negligible. For small values of time the particular 
solution is rarely more than 15 per cent of the com¬ 
plete solution, but for large values of time it is usually 
more than 25 per cent. In general, it may be said 
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that, as release velocity increases, the particular solu¬ 
tion becomes more negligible compared to the com¬ 
plete solution. 

From Figure 11 it is evident that, as the release 
velocity increases, the magnitude of the particular 
solution decreases. The reason for this is that p, to, 
and r are all proportional to V, and 6 depends on the 
factor Ci = g/x 0 so that as a result a 2 (i) is roughly 
proportional to 1 


the expression (25) for a(t). As t -► 5(0 *■ 0, or 

eventually the mean pitch angle approaches zero. 
This occurs within the limit in which the torpedo is 
falling straight down. 

In Figure 12 5(<) as given by (25) is plotted for 
horizontal release with the same velocities as Figures 
10 and 11, 200 knots and 350 knots. To illustrate the 
behavior of a(t), this figure has been plotted for time 
running up to 30 sec, although up to the present the 



TIME IN SECONDS 

Figure 12. Mean pitch angle versus time from release. 

Equation (22) represents damped oscillations region of interest in torpedo launchings is up to about 
about a mean pitch angle that is itself decreasing 10 sec for 350 knots and about 6 sec for the 200-knot 
with time. The mean pitch angle is given by release velocity. For small times the amplitude de¬ 

creases with velocity; in fact, as has been shown, it 
_ V Q( t) _ JL 1 + kx o sec 6 0 t ^ 25 ) decreases approximately like Ar 2 . However, for large 

01 ~ r 2 r 2 i 0 1 + (co + Ci< + c 2 f 2 ) 2 ° values of t this is no longer true since the terms in¬ 

volving t become much more important. 

This, of course, is also independent of an and an. This It is important in connection with the behavior at 
mean pitch decreases relatively slowly with time water entry to note that the mean pitch angle of the 
because of the factor 1 + kx a sec 84/ [ 1 + (c 0 + Cit torpedo is slightly nose-up. This may be explained 
+ c 2 < 2 ) 2 ], while the other factors in equation (22) physically by the fact that the center of gravity of 
decrease rapidly with time since they arc multiplied the torpedo is traveling along a curved path and 
by the exponential e- (p/2)t . As t increases, the oscilla- consequently possesses an angular velocity and in 
tions about this mean pitch angle damp out, and the addition an angular acceleration. The axis of the 
pitch angle approaches the mean position given by torpedo cannot “keep up’ with the trajectory and so 
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remains somewhat nose-up relative to it. As the time 
increases, the angular velocity of the trajectory de¬ 
creases so that the torpedo axis gets closer to it. 
There is also a damping moment acting on the axis 
of the torpedo of amount pl6. This moment is always 
acting in the same direction since 6 is always in the 
same direction, and it tends to keep the torpedo 
nose-up relative to the trajectory. Since the trajec¬ 
tory is curved, 6 is not zero. If we were dealing with a 
sll sight lint tra.j-.et ry ,. woukt be sePj-. und the tor¬ 
pedo would damp out to zero pitch. 


5.2.3 Release Conditions for Pitching Motions 

The pitch angle at release, a 0 , will vary from one 
airplane to another, and for a particular plane will 
dtpwid on speed and aleu on the angle at which the 
torpedo is suspended in the plane. It probably will 
also depend on whether or not the airplane is moving 
horimnlulky at ti.Uuw and «hi|hir the airplane is 
accelerating, decelerating, or moving at constant 
speed. However, for roughly horizontal release and 
roughly constant speed we may say 

Weight of airplane = Lift force on plane = Ki,ra p i nnc , 

where K is a constant characteristic of the airplane. 

The attitude of the thrust line of the airplane is 
inversely proportional to the square of the release 
velocity. For a particular airplane a () varies with .f<r 
and with the loading. 

Figure 13, showing a few standard airplanes, is a 
graph of the angle a reference line in an airplane 
makes with the horizontal and also the angle the 
torpedo axis makes with this line when suspended in 
the plane. Thc.se curves ha ,r e been obtained erperi- 
mentally, but the variation of a is as expected. Con¬ 
sequently, for each airplane, for roughly horizontal 
release and constant speed, the value of an is known. 

The situation with regard to do is much more com¬ 
plicated. The pitching angular velocity at release 
will depend on the angular velocity of the axis of the 
torpedo and on the angular velocity of the trajectory 
0 O = g cos 2 0n/x„. However, after being released, the 
torpedo falls through a region of disturbed air which 
imparts to it an additional angular velocity. 

At the instant of release the angular velocity of the 
torpedo axis depends on many factors, such as the 
angular velocity of the airplane at release, the tra- 
Jtfctury aiLgh., lire seetloralmh -or .te^U+ati. i , t'* 
pitch angle at release, and also probably on the re¬ 


lease velocity and the weight of the airplane. The 
dependence on these factors is not known experi¬ 
mentally and can only be estimated theoretically 
However, assuming the effect of most of these factors 
is known so that the pitching angular velocity at 
the instant of release is known, since the condition 
of the air beneath the plane is quite variable, the 
angular velocity of the torpedo when emerging from 
the small region of disturbed air is highly uncertain. 
1 mm n utudyii g fl nimbi t 1 ph togra| hs taken at 
the Newport Torpedo Station, showing launchings 
with various release velocities, the pitching angular 
velocity at release for a few standard aiiplanes was 
estimated. The average values of a 0 are listed in the 
table below. 


TBM, TBF 
PVT 

F7F 

SB2C 

A-20 

A-26 

B-25 


B-26 


Number do (Average pitching angular 
dmpo VcLeity at ftleaoc) 

6 +17 degrees per sec 

6 —15 degrees per sec and +4 degrees 

per sec 

7 —12 degrees per sec 

6 +10 degrees per sec and — 7 degrees 

per sec 

6 +10 degrees per sec and — 8 degrees 

per sec 

3 +2 degrees per sec 

4 + 8 degrees per sec and +14 degrees 

per sec 

4 +3 degrees per sec 


It should be remembered that there is a dispersion 
around the values listed in the table. Where two num¬ 
bers appear for do it means that a few of the observed 
launchings were found with each of the values for a 0 . 

Thus we may say that, while ao is known for the 
airplanes now in use and may be determined experi¬ 
mentally for future airplanes, do is uncertain. 

From wiltrr-entry considerations it is desirable to 
have the pitch angle at entry as small as possible. 
This requires keeping ao and do small. Most airplanes 
arc designed so that ao = 0 near the middle of their 
velocity range. However, since from tactical and 
other considerations it is much better to release at as 
high a velocity as possible, it seems wise, if possible, 
to have a 0 = 0 near the upper end of the velocity 
range for a given airplane. 


5.2.4 Release at an Angle 

In order to complete the illustration and discussion 
of theoretically predicted air trajectories, some exam- 
■■ k » mI ri b'A’4 ar erodes different, from zero will be 
considered. We shall consider two eases in which the 
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F7F airplane 

TORPEDO AXIS 1*45' 
NOSE DOWN 
FROM THRUST LINE 



TBF-3 AIRPLANE 
TORPEDO AXIS 2* 

NOSE DOWN 
FROM CENTER THRUST 
LINE 



A-ZO C AIRPLANE 

TORPEDO AXIS 
PARALLEL TO 
THRUST LINE 



TORPEDO AXIS 7*30’ 
NOSE DOWN FROM 
THRUST LINE 

GROSS WEIGHT 
16,884 LBS* 


Figure 13. Airplane attack angle in level Hight versus indicated speed. 
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torpedo is released with a velocity of 425 knots. It is 
to be remembered that, for release, while the airplane 
has an upward component of velocity, the trajectory 
angle at release is negative, 8 0 < 0. In this case the 
torpedo is being “tossed,” and this method of release 
is described as toss bombing. When the airplane is 
heading downward at release, do is positive, and the 
method of release is described as glide bombing. The 
release cond'tions for the two cases considered are: 

Toss bombing: 

1 . V„ - 425 knots, 8 0 = -10°, height of re¬ 

lease = 800 ft, <*o = 5°, do = 15 degrees per- 
see. 

Glide bombing: 

2. Vo = 425 knots, 8 0 = 10°, height of re¬ 

lease = 800 ft, a 0 = 5°, do = 15 degrees per 
sec. 

The altitudes at release were chosen to conform to 
what is thought to be the minimum height at which 
the airplane can release the torpedo for the value of 
8 0 chosen. 


For all cases Fo (release velocity) = 425 knots (= 




yo 

t 

Type of trajectory 

00 

ft 

sec 

Air 

-10° 

800 

12.36 

Vacuum 

-10° 

SOO 

11.93 

Air 

Vacuum 

10° 

800 

4.36 

10° 

SOO 

4.17 

ft, = trajectory angle at release. 





= height at release. 
t = time of drop. 
g t = trajectory angle at entry. 

V' = entry velocity. 

R = horizontal range in yards. 

If the airplane is traveling in an upward circle at 
release, the pitch angle will be more nose-up than 
for horizontal release, and vice versa for a circle 

concave-downward. 

In Figure 14 the trajectory for case 1, the vacu¬ 
um trajectory for case 1, and the pitching oscilla- 
tions ar6 shown. (The trajectory without the Mark 
1 drag ring would be intermediate between the 
vacuum trajectory and the trajectory with the drag 
ring.) 

From Figure 14 it is readily seen that the effect of 
the drag forces is similar to horizontal release and is 
even more marked because essentially they are acting 


for a longer time than a torpedo having the same 
entry conditions but released horizontally. 

Thus the range is less than that of the vacuum tra¬ 
jectory. In addition, due to the long time of flight, 
the pitching oscillations have markedly damped out 
so that the pitch angle at entry relative to air is 
very small. 

From Figure 15 it is also seen that the range is less 
with the drag forces acting than with a vacuum tra¬ 
jectory. For this trajectory, even though the time of 
flight is small, the pitch oscillations have had time to 
damp out almost completely at entry. Due to the 
high release velocity the damping of the pitch oscil¬ 
lations is large in both trajectories and at entry there 
appears the small nose-up pitch. 

A comparison of the two trajectories and the 
vacuum trajectories may be made from the table of 
release conditions, entry conditions, height at release, 
and time of flight. Also in the table are the conditions 
for a horizontal release which would have the same 
6 e and V, with the range and time of drop for such an 
“equivalent horizontal release.” 

From this table the advantages of a toss bombing 


70S ft per sec), « 0 = -5°, ao = 15 degrees per sec. 


e c 

V, 

ft per sec 

R 

yds 

V'o 

V'o 

t' 

R' 

26.4 

4S6 

2,488 

633 

1,026 

8.70 

1,671 

20.1 

754 

2,812 

707 

1,042 

8.05 

1,898 

21.2 

620 

983 

816 

998 

8.53 

1,034 

20.1 

754 

1,025 

707 

1,026 

8.05 

1,939 

V'o = 

■ velocity when trajectory is 

horizontal 

(release 

velocity 


for equivalent horizontal release). 
y’o = height when trajectory is horizontal (height for equiva¬ 
lent horizontal release). 

/' = time of drop for equivalent horizontal release. 

R' — horizontal range for equivalent horizontal release. 

method of release is clear. Thus with the Mark 13 
torpedo the enormous range in air of 2,488 yd can 
be achieved with an entry angle of only 26.4°. The 
time of flight is not prohibitively large and the pitch 
angle at entry relative to air is very small. This is 
important from the point of view of water entry. It is 
clear that the vacuum trajectory will have a greater 
range (yards), a shorter time of flight, and a smaller 
entrance angle. The Mark 13 without a drag ring 
will have intermediate values. The very large range 
obtained by a toss bombing method of release (with 
very similar entry conditions to those for horizontal 
release) is of significance in tactical considerations. 
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[CURE 14. Trajectories and pitch oscillations for toss bombing release, torpedo tossed at <?„ - -10°, V„ = 425 knots, 
ised with cm = —4°, d 0 — 15 degrees per sec. 
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Figure 15. Trajectories and pitch oscillations for glide bombing release, torpedo gliding initially at 0o = 
Vo = 425 knots, released with ao = -“4°, «o — 15 degrees per sec. 
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Figure 17. Yaw angle versus time from release r o = 0°, i£o — 15 degrees per sec. 


For the glide bombing method of release, the hori¬ 
zontal range is comparatively small and pitch angle 
at entry may still be compara vely large. Obviously 
the only possible advantage for this method of release 
is the tactical one of a short time of flight. 

5.2.5 Yawing Motion 

In order to discuss the yaw oscillations, Figures 16 
and 17 have been plotted. In Figure 16, using the 
constants for the Mark 13 torpedo, Mark 2-1 stabi¬ 
lizer and Mark 1 drag ring, two curves of the yawing 
motions are drawn. In Figure 16, = 3° and = 0 

with one curve drawn for Xo = 200 knots and one for 


xo = 350 knots, while in Figure 17 corresponding to 
these two release velocities curves are plotted for the 
release conditions = 0 and t/'o = 15 degrees per sec. 

These curves are seen to be ordinary damped har¬ 
monic oscillations about a mean yaw angle of zero 
degrees. From these curves we notice, as in the pitch 
oscillations, the amplitude of the yawing motion is 
more rapidly damped out as the release velocity is 
increased. Furthermore, it should be noted that the 
yawing motion is independent of the release angle 6 0 , 
except insofar as do changes the time of drop. 

From these curves the effect of an initial yaw angle 
and yawing angular velocity also can be seen. For 
present torpedo launchings the pilot must head the 
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airplane in the direction he wants the torpedo to run 
and attempt to release the torpedo so that 0 O = 0 and 
= 0. These conditions must be observed because 
the gyro is unlocked approximately 0.5 second after 
the torpedo is released. From Figure 10 it is seen 
that, if the plane is not heading in the right direction 
but is at yaw angle 0 O = 3 degrees, then the gyro 
can be off by 1.4 degrees when it is unlocked, while, 
if the airplane is spinning around to a lead angle and 
releases when to = 15 degrees per second, it is seen 
from Figure 17 that the gyro can be off by 5.3 degrees. 
Thus it is clear why the pilot must attempt to main¬ 
tain fa = to = o. Furthermore, it is clear that there 
would be advantages derived from releasing the gyro 
just before the torpedo is released. 

6 . 2.6 The Effect of Roll 

We have made no mention thus far of the rolling 
angular velocity of the torpedo during the air flight. 
The roll angle is the angle through which the torpedo 
rotates about its longitudinal axis. This angle is 
indicated by 0 and the rolling angular velocity by <j>. 
A torpedo may have a. rolling velocity in air due to 
the release conditions. Thus the surface of the slings 
which release the torpedo is not smooth and, since 
the slings are released on one side first, due to fric¬ 
tion the toipedo rolls off. Also, the slipstream beneath 
the airplane which acts on the stabilizer might in¬ 
duce a roll velocity. The effect of the slings may be 
minimized by greasing them or by the use of a single 
suspension bar. At the Newport lorpedo Station it 
has been observed that this bar releases the torpedo 
with very little roll velocity. 

During the Top the roll angular velocity of the 
torpedo is practically constant since there is almost 
no damping of the motion. Due to the moments 
acting on the torpedo and the pitching and yaw ing 
motions, if the torpedo has a roll velocity, it must 
exhibit a gyroscopic effect. The magnitude of this 
effect has been calculated. The gyroscopic effect on 
roll or yaw should rarely be more than 0.17 degree 
at any time during the drop and for most launchings 
should not be more than one-quarter of this value. 

The primary effect of the roil in air is due to the 
asymmetry of the stabilizer. Thus o> is different from 
</ and the resulting motion is altered due to the 
change in the constants in any particular plane. This 
will be discussed further in a later section. 


5.2.7 Roll Stabilization 


Some torpedo air stabilizers, notably some em¬ 
ployed by the Rritish, Germans, Italians, and Jap¬ 
anese, possess gyro-controlled ailerons which serve 
to prevent large roll in air. It is necessary to prevent 
roll in air by such a device if it is desired to gain some 
particular advantage of an asymmetrical torpedo 
head at entry or if it is desired to have a torpedo 
enter the water with some mean pitch angle other 
than zero. For example, if the air stabilizer is preset 
so that the mean pitch angle is some amount nose-up, 
the torpedo must be prevented from rolling over in 
air since the nose-up pitch angle will become a yaw 
angle when rolled 90 degrees and will become a nose- 
down pitch angle if the torpedo rolls 180 degrees. 

The gyro-controlled ailerons produce a torque 
about the longitudinal axis of the torpedo which is 
proportional to the square of the velocity (F 2 ) and 
for moderately small roll angles to the roll angle itself 
<f>\ thus the torque is Uu4>, where (ja is proportional 
to V-. In addition, there is a damping moment whieh 
is probably small and is proportional to the velocity 
and to the rolling angular velocity 0; the damping 
moment is then pn4>, where po is proportional to V. 

Thus the equation of motion is 

C'rfi + po4> + Qa4> = 0 > ( 26 ) 


where C is the moment of inertia of the torpedo about 
a longitudinal axis through the center of gravity. For 
the Mark 13 torpedo, C = 30.4 slug ft 2 . 

The roll angle as a function of time is then simply 


0(0 


( -f - p<i> o/2 . 

= e~ pl2t ( 0o cos o>t -|-- sin oit J 

V /.i / 


(27) 


where 


V = 


Po 

C ’ 


u> 



p 2 

4C 2 ' 


Generally, for most torpedo releases, 0o — 0, and 
0o ^ 0. The values of q a /V 2 and pJ V depend both on 
the size and position of the ailerons as well as the 
torpedo. po/V is probably small. 

This motion is seen to be that of ordinary damped 
oscillations. If 0 0 = 0, as appears to be the usual con¬ 
dition, the roll angle is always less than 0 O /w. 
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5,2.8 Other Approximations 

For all the illustrations the complete expressions 
W' re used. For many applications, however, this is 
not necessary. 

For quantities associated with the trajectory, the 
series expressions are usually sufficiently accurate 
and may be easier to use. For many purposes the t s 
term may be negleeted. The succeeding terms be- 
eome less significant the smaller the value of kx a t. For 
all practical applications the expressions derived are 
sufficiently exact. The rumber of terms of the ex¬ 
pressions to be retained in any problem depends on 
the particular application. 

The complete expression (22) has been used for the 
illustrations of the pitching motion. However, for 
many applications the particular solution may be 
negleeted, b and the solution of the homogeneous 
equation given in equation (20) should prove suffi¬ 
ciently accurate. From the illustrations given it ap¬ 
pears that the particular solution is rarely more than 
0.8 degree nose-up, the mean value rarely more than 
0.4 degree nose-up, and they both decrease with time 
and also decrease rapidly with increasing release 
velocity. Consequently, using only the solution of the 
homogeneous equation is more accurate the greater 
the release velocity. However, again, the accuracy 
required of the solution depends on the particular 
application. 


5.3 DISCUSSION OF EXPERIMENTAL 
RESULTS AND COMPARISON 
WITH THEORY 


5.3.1 Comparison of Pitch Oscillation 
Theory and Experiment 

Experimental eurves of pitch angle against alti¬ 
tude or time can be obtained from the photographs 
of torpedo launchings <il ttn Newport lurpedo Sta¬ 
tion. Some of these experimental curves have been 
matched by inserting appropriate values of p and w 
into a slightly modified form of equation (22). From 
the experimental curves, a 0 and d 0 were obtained at 
a particular time, and, since p and « were unknown, 
different values were tried until a good matching of 
the experimental curve by theory was obtained. 
Figures 18, 19, 20, and 21 are graphs of experimental 
curves obtained at the Newport Torpedo Station and 


1 *ftris4ia.S tjoAt 
reports issued by 
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of the eurves fitted to ‘hem on the basis of the theory 
given in Section 5.1. 

The experimental curves are based on photographs 
of airplane launehings. Since in most airplanes, espe¬ 
cially those which have an internal installation of the 
torpedo, it is not possible to see the torpedo elearly 
until it has fallen for 0.5 sec (about 4 ft), the points 
on the experimental eurves of pitch angle are really 
not known until about 0.5 second after release. Con¬ 
sequently, in equation (22) the initial conditions of 
the motion, whieh are specified by «o and d 0 , were 
taken about 0.5 sec after release. Since the trajectory 
angle at release is zero and t = 0 was assumed to be 
about 0.5 sec after release, 0 O , the trajectory angle at 
the assumed t = 0 is given by 


0„ = tan 0 O = 0.5C'i = 


0-5 >g 
± a 


For sueh a short time the single term gives sufficient 
aecuraey. 

In the graphs there is a close agreement between 
theory and experiment. There seems to be an indica¬ 
tion of the fact that the torpedo tends to damp out 
to a slightly nose-up piteh angle for all usual times of 
drop. It is unfortunate that, due to the nature of the 
camera used, photographs of launchings from alti¬ 
tudes greater than about 450 ft could not be made. 

To indicate why it was necessary to use a slightly 
modified form of equation (22), as well as to explain 
the laek of complete experimental verification of the 
theory of the air trajectory of the torpedo, the errors 
in the experimental data must be considered. 

1. From an examination of a number of eases, it is 
estimated that there is a probable error of about 0.03 
sec in the time of drop. 

2. The probable error in determining the height of 
drop, which is determined from the time of drop, is 
H?rwU*4ft. 

3. The errors in determining the horizontal and 
vertical velocities relative to air during the drop are 
a result of the error in determining these velocities 
relative to ground (as obtained by the camera, in 
analyzing the photographs) together with the error 
in the wind velocity value which is used to convert 
the velocities relative to ground to those relative to 
air. 

a. There is a probable error of about 3 knots in 
determining the horizontal and vertical ve- 
t i w foiw : UD^tUWU*! *.t any time during 

the drop. This error is due primarily to the 
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probable error of about 2 per cent in determin¬ 
ing the scale factor of the photographs. This 
estimate of the error was obtained by meas¬ 
urements of the small image of the torpedo, 
b. The wind velocity for eaeh launching at the 
Newport Torpedo Station is obtained by an 
anemometer on Gould Island at an altitude 
of 140 ft. A study of the distribution of wind 



Figure 18. Theoretical and observed graph of pitch 
angle versus time 



Figure 19. Theoretical and observed graph of pitch 
angle versus time. 


velocity with height at Quonset Naval Air 
Station, whieh is five miles from Gould Island, 
during the months from September 1943 to 
September 1944, showed that the wind magni¬ 
tude increases rapidly with altitude in the first 
700 ft above the ground and that it veers in a 
clockwise direction. The effect is especially 
marked in the early morning hours, 0700, and 
diminishes towards noon as the wind strati¬ 
fication is destroyed by eonvective mixing. 

It should be noted that the balloon data 
give the average wind through the first 700 ft 


above ground and that, therefore, the maxi¬ 
mum wind in each layer may be considerably 
in excess of the average value. 

Due to this variation in the speed and di¬ 
rection of the wind with altitude, the error in 
horizontal velocity due to the error in the wind 
data may be about 3 knots. 



Figure 20. Theoretical and observed graph of pitch 
angle versus time. 



Figure 21. Theoretical and observed graph of pitch 
angle versus time. 


4. The probable error in determining the trajectory 
angle 0, at any time during the drop, appears to be 
about 0.6 degree. This error is due to the error m the 
vertical and horizontal velocities relative to air. 

5. The errors in obtaining the piteh angle relative 
to air at any time during the drop lie in the deter¬ 
mination of the trajectory angle 0, and the measure¬ 
ment of the angle of inelination of the axis of the 
torpedo at that time. 


CONFIDENTIAL 







40 


AIR FLIGHT OF A TORPEDO 


Since the probable error in 6 was found to be about 
0.6 degree and the error in the measurement of the 
angle of the axis of the torpedo was found to be about 
0.3 degree, the probable error in the pitch angle rela¬ 
tive to air at any time during the drop is approxi¬ 
mately 0.7 degree. 

While the probable error in the pitch angle relative 
to air at any time during tlw drep is bIkjui f 7 rhg’-oe, 
the error in the smooth curve (in the statistical sense) 
through the points is probably very much less. 
Nevertheless, although the probahie error in the pitch 
angle may be less than 0./ degree, tnc actual error 
may be very much larger. 

6.3.2 Discussion of Experimental Verification 
of Theory of Pitching Motion 

In the analysis of the photographs a mean hori¬ 
zontal deceleration and vertical acceleration are ob¬ 
tained. From Section 5. t it is seen that the trajectory 
cannot be described exactly by this method. Since 
constant accelerations are Used, the values r>f tan ft 
obtained do not correspond exactly to the expressions 
given in Section 5.1. In matching the experimental 
curves, the expressions ioi o obtained from . irfdysis 
of the photographs were used in each case. In this 
sense a slightly modified form of the theory was used. 
In general, there appears to be a good verification of 
the theory of the pitch oscillations given in Section 
5.1. 

However, examining many of the experimental 
curves of pitch oscillations reveals that some of them 
do not have the form predicted by tlu thevry Thus, 
if there were an error in the horizontal velocity, the 
trajectory angle 0 would always be in error during 
the drop, and the calculated line oi zero pitch on the 
curves would really not be zero pitch as assumed in 
the plotting. For example, if there were an error in 
the wind measurement and the actual tail wind a ere 
10 knots greater than what was recorded, the pitch 
oscillation curve when plotted by the method out¬ 
lined would appear asymmetrical. The torpedo would 
apoear to favor a nose-down pitch since the ampli¬ 
tude of the oscillation in the nose-down direction 
would be larger in magnitude than the preceding 
amplitude in the nose-up direction, which is impos¬ 
sible according to the theory given in Section 5.1. 
There are quite a few experimental curves which 
appear to exhibit this type of error. It should be re¬ 
membered that this is an error in the experimental 
prtd, docs not, oscillate 


with respeet to the air in the manner indicated by 
the curves. Since these curves do not represent the 
actual oscillations of the torpedo, they cannot be 
matched by theory. 

Similarly, an error may often arise (which has 
somewhat the same appearance) due to the fact that 
the Mark 2-1 stabilizer or one flap of the stabilizer 
may have rocked during the air flight. This type of 
motion will represent the actual oscillations of the 
torpedo since the stabilizer behaves like one which is 
preset. fixing \A t 

produced at the Newport Torpedo Station. These 
curves can be matched by the theory in section 5.1 
simply by adding to the equation (22) a constant 
mean pitch angle, which must be known, however. 

Some irregularities in the curve may be due to the 
effect of the variation of the wind magnitude on to 
and p. Thus, if the wind changes a certain amount, 
co and p, which are proportional to the velocity, will 
vary accordingly, ana tne actual oscillations wih not 
be periodic or described exactly by a theory which 
assumes a constant co and p. However, the magni¬ 
tude of this error is generally very small. 

Again, as has been noted in Section 5.4.2, the co in 
fdttjhiltjg** Uo') w idhi’U-d by roll. This will alter 
the experimental curves. The quantitative effects 
will be discussed further in Section 5.4. 

6.3.3 Discussion of Experiment;.! Verification 

of the Theory of the Trajectory 

As has been mentioned, the method used in the 
on«iy=i= lffids to a mean horizontal deceleration and 
vertical acceleration. These cannot be the actual de¬ 
celeration and acceleration. Nevertheless, for the 
short tote '/f 4fwp tiM 9 m ittvcltad in ‘hr photo¬ 
graphed launchings and for the relatively low release 
velocities, the terms involving higher powers of t 
than t 3 are negligible. The average time of drop was 
only some 4.6 seconds and the average speed some 
175 knots. Neglecting the t 4 terms, the horizontal 
acceleration is — kx o 2 + 2k-Xo 3 t, and the vertical ac¬ 
celeration is ( g — kiVaxo) — gkx 0 t. In a time T, the 
average values oi these \votinl 1 >'■ “ b -to \ k 1 
( n _ i-.&.l _ (nk+„/^T The maximum errors 

»*■ 1 ’ \it-U/ —/ - 

in the accelerations produced by using these mean 
expressions are, at time T, k 2 x 3 T and — (gkxa/2) T. 

For the photographed drops the average value of 
T = 4.5 sec and x 0 = 296 ft per sec. Consequently, 
the order of magnitude of the maximum' error in the 
horizontal deceleration of 0.23 ft per sec per sec or 
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about 5 per cent of the horizontal deceleration ob¬ 
tained by using only the t- term, and in the vertical 
acceleration the maximum error is 0.95 ft per sec 
per sec or about 3 per cent of the acceleration given 
by the t 2 term. These are small errors because the 
times of drop and release velocities are relatively 
low. However, for greater speeds and altitudes of 
release the error involved in using the average accel¬ 
eration is not negligible. 

In view of the previous discussion, since t and x 0 
arc both relatively small for photographed launch¬ 
ings, the higher powers of t than t~ in the expressions 


using for k the slope of the straight line in Figure 22 

plus 5 per cent of the slope. 

Again, in the y or vertically downward direction, 
because of the relatively small times of drop and 
release velocities, the effect of t 3 terms cannot be 
noticed. From the analysis of the photographs the 
mean vertical acceleration is obtained. We expect the 
slope of the graph of y(t) obtained from the photo¬ 
graph to decrease somewhat with time, but, since l 
and ± n are small, the effect is only a change in slope 
of about 1.90 ft per sec per sec or about 6 per cent 
change in slope, which is hardly observable. 



Figure 22. Horizontal deceleration versus (horizontal release velocity)* for the Mark 13-2 torpedo fitted with Mark 
2-1 stabilizer and Mark 1 drag ring. Correlation coefficient — 0.44. 


for the trajectory in Section 5.1 are small and conse¬ 
quently difficult to observe. Also they are usually 
masked by the experimental errors involved in 
analyzing the photographs. Consequently, it is ex¬ 
tremely difficult to attempt to verify the higher 
power terms than C- in the expressions for the air 
trajectory. In spite of this, the method used to ob¬ 
tain k serves as some source of experimental verifica¬ 
tion. In order to determine k, a graph was plotted of 
*tlis mean horizontal deceleration against xg *. Sinee 
the effect of the l a term is small for this application, 
we should expect a good correlation between the 
deceleration and x 0 2 from the plot, and the slope of 
this graph should give the value of k. Figure 22 shows 
this. There is a correlation coefficient of 0.94, which 
indicates the correctness of the theory. The effect of 
the t 3 term is approximately taken into account by 


One might expect that, using the average value of 
the time of drop and release velocity, we might hope 
to obtain the average vertical acceleration and com¬ 
pare the result with the experimental averages of the 
launchings. This method breaks down due to the tact 
that, while the pitch oscillations about the mean 
value in any duration of time tend to caneel out to 
zero, actually in a relatively short time of drop theie 
is not a complete cancellation. Thus the theory ot 
Section 5.1 predicts an average vertical acceleration 
for the observed launchings of about 3i.i ft per sec 
per sec, while the average results yield the value o 
31.5 ft per sec per sec. This slight difference may be 
explained by the fact that, for the airplanes used, 
the average pitch angle at release is about 3 degrees 
nose-down so that the net result in the relatively 
short time of drop will tend to be some small average 
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pitch angle nose-down which will produce a lift force 
downwards and, consequently, could increase the 
average vertical acceleration from 31.1 ft per sec per 
sec to 31.5 ft per sec per sec. 

5.4 AERODYNAMIC CONSTANTS OF 
THE MARK 13 TORPEDO 

Thus far Ht vp developed the theory of the n.ir 
flight of the torpedo and discussed some of the experi¬ 
mental evidence that tends to support the point of 
view presented. We now proceed to the determina¬ 
tion of the constants associated with the Mark 13 
|^r r ttlu wi :h its various air lendages. 

5.4.1 Method of Obtaining Aerodynamic 
Constants and Tabulation 
of Results 

The characteristics of the Mark 2-1 and Mark 2 
stabilizers, with and without the Mark 1 drag ring, 
have been obtained by wind tunnel tests at various 
places including the Newport Torpedo Station, 
Wright Field, Langley Field, and the University of 
Michigan. In addition, strip camera photographs of 
airplane launchings at the Newport Torpedo Station 
can be interpreted in terms of the theory to give the 
smite Conitilrts. 

The model tests at the Newport Torpedo Station 
were carried out on a J^-size model at a velocity of 
100 ft per sec. At Wright Field a J-^-size model was 
used at a velocity of 100 miles per hour. A full-size 
model was used at Langley Field. The University of 
Michigan tests were carried out on a 0.2236-scale 
model, with a wind velocity of 88 ft per sec. All these 
models were tested without propellers. 

From the wind tunnel tests it is possible to deter¬ 
mine Cm/ a, C M /\fr, C L /a, CrJi, and C D . However, 
with the facilities available, Ck and Cf could not be 
obtained in the tunnels. One result for C K was ob¬ 
tained with aii oscillating model, but otherwise these 
constants have not been determined from tunnel 
tests. 

Tile fctelhud of oLtaiiiiiig Cm/ a, La, and C tJ fniin 
strip camera photographs may be described as match¬ 
ing Using f' v pi ^mentally determined curves of ot /') 
and using the value of a and the slope a at a par¬ 
ticular time as the initial conditions of the motion, 

iliui .i iit v alut. 3 of p i w Trv o: ht the .. 'V 1 ' f --d 

form of equation (22) until a good matching of the 


experimental curve by the theoretical curve was ob¬ 
tained. Thus, from curves like those illustrated in 
Figures 18, 19, 20, and 21, where experiment is 
matched by theory, the values of p/V and q/V 2 were 
tabulated. 

From p/V and q/V 2 and equations (4) and (5), C K 
and Cm! a are obtained. 

In order to obtain C D , the horizontal decelerations 
as recorded at the Newj>ort Torpedo Station (ob¬ 
tained from the strip camera photographs) were 
plotted against x 0 2 and the best straight line fitted 
with the condition that it pass through the origin. 
This is plotted in Figure 22. If the t 3 term is negligible, 
the slope of this line is the value of k. The average 
contribution of the t 3 term to the deceleration in the 
cases considered is about 5 per cent of the P term. 
Consequently, to the slope obtained from Figure 22, 
5 per cent was added in order to find the value of k 
and hence C/>. 

The following constants were used to describe the 
Mark 13 torpedo fitted with a shroud ring, Mark 2-1 
stabilizer, and a drag ring. 

I = moment of inertia about a transverse axis 
through the center of gravity = 972 slug ft 2 . 

p = density of air = 0.002378 slug per ft 3 . 

W = weight of the torpedo = 2,200 lb. 

I = length of the torpedo = 13.4 ft. 

Wc'iftBy wlU'FV a T* tT, i It. in ti-Funn J 
Q/V 2 , p/V, k, etc., and these constants. 

The results obtained by the various methods are 
listed in Table 1. 

5.4.2 Discussion of Aerodynamic Constants 

Before proceeding to discuss the constants ob¬ 
tained by t he various methods, the effect of propellers 
on the coefficients must be pointed out since this may 
account for a good part of the difference between 
tunnel tests and full-scale results obtained by match¬ 
ing. All the model tests were run without propellers. 
It Lac b«en found in wind tunnel tests that the re¬ 
storing moments are markedly increased by the addi¬ 
tion of propellers. In recent tests at the Newport 
Totp wk-i BMUijd sin Mur wamHa wtm. ubiarntd 
large range of pitch angles. It is also found that the 
addition of nroneliers increases the damping coeffi¬ 
cient considerably. Hence, due to the effect of pro¬ 
pellers, it is to be expected that results from full- 
se+vk nntt<Sviingi «buuUbs ami*? what' I with 

results obtained in wind tunnels. 
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Restoring Moment Coefficient Cm/ a 

From the values of Cm/ a presented in Table 1, it 
appears that the values obtained by matching ex¬ 
perimental curves, which represent the full-scale 
torpedo in flight, are usually more negative than the 
values obtained in the wind tunnels. This is explained 
to some extent by the absence of propellers in the 
model tests. Furthermore, it is noticed that the 
Mark 1 drag ring seems to increase the negative 
value of Cm/ a. 


so that one might expect a dispersion in the values of 
Cm/ a. The value of Cm/ a = 1.50 is, therefore, prob¬ 
ably the value at some average roll angle other than 
0 degrees. 

For the Mark 2 stabilizer the area of the smaller 
face is much less than in the Mark 2-1 stabilizer so 
that the effect of roll in air on Cm/ a will be greater 
than in the Mark 2-1. Consequently, the value of 
Cm/ol will be too low, due to roll, by a larger factor 
than is expected from a comparison of the areas of 
the stabilizers in the pitching plane. That this does 


Table 1. Results obtained for the constants of the Mark 13 torpedo with shroud ring fitted with Mark 2-1 and Mark 2 
stabilizers with and without the Mark 1 drag ring (pickle barrel) by matching experimental curves with theoretical 
curves and hy the wind tunnel tests at the Newport Torpedo Station (N), the University of Michigan (M), Wright 
Kidd (W), and Langley Field (L). All angles are in radians. 



Mark 2-1 with Mark 1 drag ring j 

Mark 2-1, no drag ring 

Mark 2 with drag ring 


Matching 

Wind tunnel 

| 

Matching ! 

Wind tunnel 

Matching 

Wind tunnel 

Cm/ a 

— 1.50 ±0.13 

-1.19(N) 

— 1.39 (\Y) 

— 1.36 (M) 

— 1.25 ±0 17 

-1 .16 0,) 

— 1.16 ±0.03 

— 1.17(N) 

Ck 

—2.87 ±0.05 


1.31 ±0.39 


2.43 ±0.11 

2.32 (P) 

0.87 (N) 
0.97 (\Y) 
0.84 iM) 

1.70±0 r 5o 

0.32 (N) 
0.38 (W) 
0.30 (M) 



C,> 

0.93 

! . 


j 

c,./« 

Cm/* 


4.8 (N) 

-0.717 (N) 
0.774 < M) 

4.9 (L) 

— 0.602 (N) 








1 


The value of C.\, a obtained bv matching is sub¬ 
ject to a probable error of about 10 per cent. The 
main cause of this dispersion seems to be the roll of 
the torpedo in air. During some part of the drop, the 
small face of the Mark 2-1 or Mark 2 stabilizer may 
have rolled into the pitching (vertical) plane, and 
the effective value of C.u/a would therefore be dim¬ 
inished. The Mark 2-1 stabilizer is not symmetrical, 
and the value of Cm/ a varies with the angle of roll. 
From wind tunnel tests at the Newport Torpedo 
Station it was found that, for a stabilizer very similar 
to the Mark 2-1, when the torpedo rolled 45 degrees 
the value of CmI<* was 0.82 times the value at 0 
deglees lull alid, whell the torpedo rolled V/G degrees 
it was 0.65 times the value at 0 degrees. It was not 
possible from the photographs to ascertain the magni¬ 
tude of file roll ol the torpedo during lire air flight; 


not appear as an increased dispersion may be due to 
the small number of observations. 

Damping Moment Coefficient C k 

As has been pointed out, elaborate arrangements 
are required in order to measure Cy in wind tunnels; 
consequently, very few results have been obtained. 
The drag ring probably produces damping of the 
oscillations of the torpedo by dissipating energy in 
shedding vortices. The damping effect of the sta¬ 
bilizer is due to the additional pitch angle at the tail 
of the torpedo caused by rotation. The moment due 
to the stabilizer caused by the rotation will therefore 
be affected by roll in fhi i way as CM/a is altered 

by the roll in air. Therefore, roll will contribute to 
causing a dispersion in Cy, and this should be more 
matkfed tritnem'b 4hb 4fftg ±hig ubtte Aro 
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contributes a constant amount to Ck. In addition, 
the mean value of C K for the Mark 2 stabilizer may 
be expected to be lower than for the Mark 2-1 since 
the effect of roll is larger because of the greater differ¬ 
ence of the areas in the pitching and yawing planes. 

In Table 1, two values of C K are given for the Mark 
2-1 stabilizer without a drag ring. This is due to the 
fact that very large values of I'k obtained by match¬ 
ing raised the average value above what is probably 
the true value. It was found from an inspection of a 
number of curves of a{t) for launchings without drag 
rings that Ck is small so that the average value of Ck 
without a drag ring is in the neighborhood of 1.31. 
The dispersion in the value of Ck without a drag ring 
is considerably greater than with the drag ring, even 
for the value C K = 1.31. This is to be expected from 
the discussion above and is explained by the roll in 
air. It is noticed that C K with a drag ring is more than 
twice the value without it. This effect will be illus¬ 
trated later. 

Drag Coefficient C d 

The value in Table 1 was obtained from the graph 
in Figure 22 as has been pointed out earlier. This 
value is probably the most rename one since it is 
based on full-seale actual flight tests of the torpedo. 
It is in fair agreement with wind tunnel results. The 
effect of propellers on Cd is not expected to be im¬ 
portant, and this expectation appears to be con¬ 
firmed. 

Lift Coefficient Cl/<* 

T aft rmflk-k't nimbi uuf Ip obtained from anah z- 
ing strip camera records or photographs of airplane 
launchings. The photographs could not give a pre¬ 
cise value for C L because the times of drop were 
relatively low and the lift effect on the Mark 2-1 
stabilizer is very small and masked by the pitch 
oscillations. Consequently, the only results for Cl/ a 
are wind tunnel measurements. 

Damping Force Coefficient Cf 

Without the Mark 1 drag ring, C K = 1 31. With¬ 
out the drag ring, most of the damping arises at the 
tail of the torpedo. This also has been found true for 
airships. Consequently, the damping force is con¬ 
centrated at the tail, and the damping force coeffi¬ 
cient is C F = 13.4/6.7 = 2Ca-, where 6.7 ft is ap¬ 
proximately the distance from the center of pressure 
of Ine ah forces wjting im hnqx-d., to ibt* 
of gravity. Now, when the torpedo is fitted with a 


drag ring, we find Ck is about doubled, bince most of 
the forces due to the drag ring, which produces this 
additional damping moment, are probably concen¬ 
trated at the nose, when C K is doubled, the damping 
forces at the nose must be roughly equal to those at 
the tail and in the opposite direction. Consequently, 
a couple is produced so that with the Mark 1 drag 
ring it setniG pivbable that C r ~ 6. 

Moment Coefficients in the Horizontal Plane 

The values of Cm/4' and Ck in the horizontal plane 
cannot be obtained by matching experimental curves 
since, as yet, there are no accurate observations of 
yaw angle as a function of time in the horizontal 
plane for the Mark 13 torpedo with air appendages. 

For Cm/4' "e can use the wind tunnel results to 
the extent of learning that Cm/4' is about 0.6 times 
Cm/ a so that taking 0.6, the value of Cm/ a as ob¬ 
tained by matching experimental curves, we have 
Cm/4' = 0.9. C K in the horizontal plane is probably 
close to the value in the vertical plane. Although the 
area of the stabilizer effective in the horizontal plane 
is less than in the vertical plane, the effect of the edges 
in the horizontal plane should produce some damping 
winch 1111i v du.lt in i b-. iit ti.<. sstine ( . aft h 11 *** 
vertical plane. In addition, the part of Ck due to the 
drag ring is present in the same amount in the hori¬ 
zontal as in the vertical plane. Again, Cf should be 
about the same as in the vertical plane since C K .is 
about the same, that is, C F a* 0 in the horizontal 
plane, while without the drag ring C f - = 2C K . For 
Cl/4' there are no experimental results. However, 
since Cm/4' = 0.6 Cm/*, one may estimate that 
Cl/4' — 0.6 Cl/ a. 

5.4.3 Characteristic Aerodynamic Constants 
of the Mark 13 Torpedo with 
a Shroud Ring 

Using the values obtained from actual air flight 
tests wherever possible, the following appears to be 
a reasonable sot of constants. 

1. Fitted with Mark 24 stabilizer aud IdArk 1 Orag 
ring (pickle barrel) 

Cm/ a = -1.50, 

= 2.87 (pitching and yawing), 

= 0.93, 

= 0 (pitching and yawing), 

= 4.8, 

= 0 60, 

= 2 . 88 , 


C K 
C D 
C f 

Cl/ a 

Cm 4 

Cl/4> 
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I 

A 

M 

l 


= 972 slug ft 2 , 
= 2.75 ft 2 , 

2200 . 

=--slugs, 

32. iO 

= 13.4 ft, 


This shows the great effect of the Mark 1 drag ring 
in changing the pitch oscillations and hence improv¬ 
ing the water entry. 


p = 0.00238 slug per foot 3 . 

The constants in the equations of motion become 

co = 13.8 X 10 -3 V (knots) sec -1 , 
p = 2.94 X 10 -3 T r (knots) sec -1 , 
k = 4.47 X 10 -5 ftr 1 , 
r — 14.11 X 10~ 3 F (knots) sec -1 , 

where V (knots) may be obtained from Figure 7. 
These are the constants used in constructing the 
nomogram in Section 5.2.1, Figure 9. 

2. Fitted with Mark 2-1 stabilizer, no drag ring, 

C M /a = 1.25, 

Ck = 1.31 (pitching and yawing), 

C D = 0.33, 

C F = 2.02 (pitching and yawing), 

C L /a = 4.9, 

CW* = 0.75, 
cut = 2.94, 

= 12.6 X 10 -3 F (knots) sec -1 , 
p = 1.34 X 10 -3 F (knots) sec -1 , 
k = 1.60 X 10 -6 ft- 1 , 

7 'i = 12.7 X 10 _3 F (knots) sec -1 . 

It is both important and interesting to note the 
effect of the Mark 1 drag ring on the air flight of the 
torpedo. Besides the increased drag in air which may 
cause the velocity of the torpedo at entry to be as 
much as 40 knots less than the release velocity, the 
importance of the diag ring is due primarily to a large 
increase in the damping of the pitch oscillations. 
Consequently, for the same release conditions, tor¬ 
pedoes fitted with drag rings, in general, will have a 
much smaller pitch angle at entry than torpedoes 
without drag rings. The amplitude of the pitch angle 
at any time l without the drag ring divided by the 
amplitude with the drag ring is given roughly by a 
factor of the type 

e - 1.34 X 10-= V'l 
g- 2.94 X 10 = VI 

which may be seen to be of considerable importance 
in determining the subsequent underwater tra¬ 
jectory, as is shown in Chapter 6 (see end of Section 
6.3). Incidentally, this ratio increases with time. 


It should be noted that the shroud ring does not 
alter the constants of the torpedo in air since it is 
covered completely by the stabilizer. 

The British aircraft torpedo is usually launched 
with the M.A.T. IV stabilizer which has an area in 
the pitching plane of about 1,200 sq in. (60 in. by 
20 in.). With this relatively large stabilizer, the con¬ 
stants obtained by wind tunnel measurements are 
Cm/ci = —4.53 or about three times the value of 
the Mark 2-1 with drag rings. In addition, we may 
expect a correspondingly large Cl/ a since most of 
the restoring moment comes from the lift at the tail. 
Cm/4- = —1.31 or about 1.45 times the value of the 
Mark 2-1 with drag ring. These larger values may be 
considered as due primarily to the larger area of the 
M .A.T. IV stabilizer. 

It is interesting to compare the constants of the 
Mark 13 torpedo in air with its underwater charac¬ 
teristics (where the stabilizer and drag ring have 
been removed). Thus it has been found in water and 
wind tunnel tests without propellers that for zero 
elevator or rudder angle the Mark 13 torpedo with 
shroud ring (using the density of water) 

Cm/ a = 0.69 (destabilizing), 

Ck = 0.46, 

C F = 1.16, 

Cl/ a = 2.24, 

C D = 0.13. 

It is noticed that the Cm /a and Ck produced by 
the Mark 2-1 stabilizer with a drag ring are quite 
large. In fact, in the air, due to the stabilizer, Cm/ a 
is negative, or the center of pressure of the lift forces 
is aft of the center of gravity, producing a restoring 
moment, while underwater the center of pressure of 
the lift forces is forward of the center of gravity. 

5.5 relationship of quantities 
RELATIVE TO AIR AND 
TO GROUND 

The primary reason for studying the air flight of 
the torpedo is to permit a prediction of the water- 
entry conditions from a knowledge of the release 
conditions. The condition of the torpedo at entry 
will determine its behavior in the entry stage and in 
the initial underwater trajectory. However, and this 
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distinction is the essence of this part, the underwater 
behavior of the tor-pedo will depend on the entry condi¬ 
tion relative to the water. Up to this point all the 
quantities which have been discussed, such as veloci¬ 
ties, distances, pitch angles, etc., have been relative 
to the air. 

5.5.1 Quantitative Considerations 

The reason why the quantities used were relative 
to the air is that the lift and drag forces and the re¬ 
storing moments acting on the torpedo in a fluid 
(air or water) are determined by the velocity relative 
to the fluid. Thus all quantities so far derived are as 
seen by an observer fixed in the air, and all quantities 
used arc relative to air. 

This fact does not alter any of the results obtained. 
However, since the underwater behavior depends on 
the entry conditions as an observer on the ground 
(or water) sees them and since the range relative to 
ground is an important tactical consideration, we 
must examine the results to see what additions must 
be made in order to convert quantities relative to air 
to quantities relative to ground. 

First, it should be noted that, if no wind is blowing, 
fh-kf is, if tV‘-*ur wtu velocity mLulivi- tu gjvun j 
there is no distinction between quantities relative to 
air and relative to ground. However, if there is, for 
example, a 20 knot head wind blowing, the velocity 
of the torpedo relative to the surrounding air is 20 
knots greater than the velocity relative to ground. 
Similarly, if there is a 20 knot tail wind blowing, the 
velocity of the torpedo relative to air will be 20 knots 
less than its velocity relative to ground. The prob¬ 
lem reduces itself to examining the effect of the wind 
on the results previously obtained. 

In general, we may transform all quantities derived 
from quantities relative to air to quantities relative 
to ground by the vector relation 

V«, = V,„ + . (28) 

V tg = velocity of torpedo relative to ground, 

V,„ = velocity of torpedo relative to air, 

V K = velocity of air relative to around, orthe wind. 

Since equation (28) is a vector equation, it is 
equally true for each of the components of the ve¬ 
locity, x, if, a,ix 1 i. Fur isampkij 

Xij — Xta ~b Xag , 


where x ao — component of the wand velocity in the 
x direction. 

To consider the effect of the wind, we shall con¬ 
sider separately its effect on the trajectory and on the 
pitching and yawing motions. It will be assumed that 
the wind remains constant through the drop. Although 
this is rarely the case, the effect produced by varying 
winds is complicated and small and will be neglected. 
The wind velocity used will always be the velocity 
at release. 

5.6.2 "Effect of the Wind on the Trajectory 

Let the wind velocity at release have the three 
components x uu , y., a , z, w . 

1. x Direction. As has been pointed out from equa¬ 
tion (28), 

Xtg — Xta “I - X a g (^*1) 

so that 

Xtg — Xta — X a gt , 

where x t0 will be the horizontal range relative to 
ground that the torpedo will traverse in its air flight. 

From these considerations it is seen that with a 
tail wind component the speed of the torpedo or 
pinin' ftt ** t isp relatK'e to air is less than the speed 
relative to ground, while for a head wind the speed 
relative to air is greater than the speed relative to 
ground. In addition, the amount by which the range 
relative to ground is greater than the range relative 
to air is given by x„ a t. 

2. y Direction. If y or y relative to air are to be 
different from y or y relative to ground, then there 
must be a vertical component of the wind. There is 
not much information on this point, but the trans¬ 
formation is quite simple: 

Vtg — Via + Vag , 

where y„ a is positive for a wind blowing vertically 
downward toward the earth. 

3. z Direction. In Section 5.1 the x, y, and z axes 

were chosen so that relative to air at release i = 0. 
As a result, to the first approximation, the trajectory 
of the torpedo in air was hi die vertical (x~y) plane. 
This would mean that at release the torpedo would 
not experience a cross velocity relative to the sur- 
f un ’fug tif r f 

Zlg — Z a g , 
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or relative to ground the torpedo will be drifting 
perpendicular to its axis at a rate which is the magni¬ 
tude of the cross wind at release. This is as expected 
for, if the torpedo is not to experience a cross wind, 
it must drift with this wind at release so that the 
relative velocity is zero. With a cross wind the tor- 
|>edo will fall in a vertical plane relative to air (ac¬ 
cording to the way an observer on the torpedo would 
feel the relative air), while relative to ground the 
"torpedo would ue Ui if tlilg iti tilt LoitZuli tal pfcfllu. 
The distance the torpedo will drift relative to ground 
is i u „t. 


Thus, for a given release velocity relative to air and 
with a tail wind, the trajectory angle relative to 
ground ( 6i a ) is smaller than with a head wind. 

Figure 23 illustrates these results. This figure 
shows the trajectories relative to ground that result 
from horizontal release for a constant velocity rela¬ 
tive to air of 200 knots with no wind, a 35-knot head 
wind, and a d5-knot tail wind. The three trajectories 
are different, even though they are drawn for the 
irfelewse vriiwiiiji Tilntivi lu sir because, for the 
torpedo to be released at a constant velocity relative 
to air with a tail wind, its velocity relative to ground 



5* NOSE UP 


4* NOSE DOWN 


CURVE 

WIND 

GROUND RELEASE 
SPEED (KNOTS) 

A 

35 KNOTS'TAIL 

235 

B 

0 KNOTS 

200 

C 

35 KNOTS - HEAD 

165 


Figure 23. Trajectories, as seen from ground, for various winds. Constant release speed (relative to air) — 200 knots. 


4. 6 Trajectory Angle. The wind will cause the tra¬ 
jectory angle relative to ground to be different from 
that relative to air. 

A good approximation for 0 (( , at any time during the 
drop is obtained by retaining the first term in a 
Taylor series, thus 


Mis =- 


Via 


Xta ~\~ X n 


= tan ( 8 a + A0) ■ 


Then 


and 


A0 ^ | sin 20„ 


XaoQ 

X 0 


dta = da — .V sin 20a : 


Xo 

6 a is given according to Section 5.1.3 by 
tan da = Co + cit + c 2 f 2 + ■ 


(30) 


must be larger than the release velocity relative to 
air; with a head wind the release velocity relative 
to ground will be less than the release velocity rela¬ 
tive to air. Therefore, relative to ground, for con¬ 
stant release velocity relative to air, a tail wind tends 
to produce a smaller trajectory angle and a head 
wind a larger trajectory angle. 

5.5.3 Effect of Wind on Angular Motion 
Pitch Angle 

The presence of a wind component in the direction 
of motion will also cause the pitch angle relative to 
ground, a g , to differ from the pitch angle relative 

to JUTj Ota- 

To find the relation between a Q and a a it is to be 
remembered that 

a a = angle of axis of torpedo, 6 0 , 
ct a — angle of axis of torpedo, 6 a . 
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Consequently, 

a g =-0t a + (0a — dg) . (31) 

The meaning of this relation is readily understood. 
The torpedo axis is at a certain angle with the hori¬ 
zontal. The pitch angle is the angle between the axis 
and the tangent to the trajectory. Consequently, the 
difference between a„ and a, t is the difference between 
the two trajectory angles. 



that computed from the release velocity relative to 
the air. However, only the correction to the vacuum 
trajectory will be changed, and a computation using 
the time average of the wind in which the torpedo is 
moving will give a close approximation to the exact 
result. In addition, the torpedo oscillation tends to 
damp out until its axis lies along the local air trajec¬ 
tory. Since this is changing differently from the way 
it changes with a constant wind, the mean position 
will be a little different. The primary effect of a var- 


A - TORPEDO TRAJECTORY RELATIVE TO 

B 'TORPEDO TRAJECTORY RELATIVE TO 
WIND IN DIRECTION OF ARROW. 

AIRPLANE DRIFTS WITH THE WIND * 
GYROSCOPE IS AIMING IN DIRECTION 

Figure 24. Trajectories relative to ground 
From (30) it is therefore clear that 

a a == o/ a — ' sin 2 6 a — • (32) 

r u 

Thus it may be concluded that, in general, a tail wind 
tends to produee a nose-down pitch relative to ground 
and a head wind tends to produee a nose-up piteh rela¬ 
tive to ground. 

This is illustrated in Figure 23 where we have the 
same air trajectory with a 35-knot tail wind, no wind, 
and a 35-knot head wind. In this figure, for sim¬ 
plicity, the pitch oscillations and mean pitch angle 
have been taken as zero. 

Since the pitch of the torpedo a g is an important 
quantity and the entry behavior is sensitive to small 
ehanges in this angle, it must be recognized that the 
neglect of the variation of the wind with altitude 
may not be completely satisfactory in this connec¬ 
tion. The angle 6 a near the ground will not be exactly 


GROUND WITH NO WIND. 

GROUND WITH 20 KNOT 

IT RELEASE SO THAT 
OF TARGET. 

in horizontal plane at 200 knot release velocity. 

iable wind is on a a and hence a„. The variation of the 
wind magnitude does not affect the solution of the 
homogeneous equation (20) but only alters the pai- 
ticular solution given in equation (21) by altering the 
value of t Taking this into account and using equa¬ 
tion (30), one can easily compute a a if the type of 
variation of the wind is known, and, knowing the 
wind at the water level, a„ at entry (which we shall 
call a,) is then determined. However, for many pur¬ 
poses it appears that the use of a suitable mean wind 
might give a satisfactory approximation. 

Yaw Angle 

For a constant cross wind $ g will differ from 4> a . By 
analogous reasoning to that used to determine 

4'tl — 'Pa + (P“ — f*») • (°^) 

For constant cross wind Mo = 0 and equation (32) 
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indicates that a wind from the left will tend to produce 
a yaw angle to the left relative to ground and a wind from 
the right, a right yaw angle relative to ground. 

This may be understood by the fact that for a con¬ 
stant cross wind, neglecting the yaw oscillations, the 
torpedo will have zero yaw (at release the pilot tries 
to maintain zero yaw) so that the torpedo is drifting 
with the cross wind. Consequently, if a ind blow¬ 
ing from starboard so that the torpedo is drifting to 
port alid pointing straighttbfe fcnuh i» • t-: r- 
board yaw angle. This is shown for x — 338 ft per 
sec and z aa = 55 ft per sec in Figure 24. 


5.5.4 Summary 

In this part we have examined the effect of wind in 
altering the trajectory, trajectory angle, pitch and 
yaw angles relative to air and relative to giound. 
Given the release conditions of the torpedo and the 
wind, the condition of the torpedo relative to air and 
relative to ground at entry may br predicted. Be¬ 
cause of the sensitivity of the entry behavior to the 
exact itch and aw angles, these effects of the wind 
are of great importance in prescribing the conditions 
for torpedo launching. 
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Chapter 6 

WATER ENTRY 


T he study of the air flight was concerned with 
predicting the conditions of the torpedo at im¬ 
pact from a knowledge of the release conditions. In 
the study of the water entry, it is desired to prediet, 
from a knowledge of the entry conditions, the under¬ 
water behavior of the torpedo from the time of im¬ 
pact with the water to the time it settles down to its 
normal run. 

The entry conditions of a torpedo may be described 
by the values of the following quantities at the in¬ 
stant of water impact. 

1. Velocity, V e , 

2. Trajectory angle, d c , 

3. Pitch angle, a e , 

4. Pitching angular velocity, a c , 

5. Yaw angle, 4>n 

ft. Yawing angular velocity, 

7. Roll angle, <t> n 

8. Rolling angular velocity, 4> e . 

In the subsequent discussion, the effect of these 
quantities on the initial underwater trajectory will be 
traced through the various phases of the trajectory. 
In addition, the jfl -jf phj.’i ;ul j of th„ 

torpedo, such as head shape, moment of inertia, mass, 
length, diameter, position of the center of gravity, 
and center of buoyancy, and the tail structure, will 
be considered. 

Th. plw^Ti i'.d wkil'h *K 'eit i1 underwater tra¬ 
jectory will be divided for the subsequent discussion 
are 

t. Impact (elastic wave in the water), 

2. Flow forming (head is being submerged), 

3. Motion in the cavity before tail slap, 

4. Motion in the cavity after tail slap until cavity 
and iwfeig tta stsbstqetsd cavity 

pation, 

5. The subsequent noncavitating motion of the 
torpedo. 

Although the discussion will be presented in general 
terms and will be specialized only for illustration and 
verification of the ideas presented, it must be re¬ 
membered that most of the available information is 
based on studies of the Mark 13 torpedo. Most of the 
illustrations will be based on this torpedo and the 
points of view of the theory have largely developed 
around it. The Mark 13 torpedo head consists 
W/AghVy ul ■ ' Lr 1 ^ V‘-’ 1 ' I.VViW'd ! Vi ■> fin,4v t.R^upred 



Figure 1. Mark 13 torpedo warhead—practically a 
hemisphere on a finely tapered cone. 


cone and is illustrated in Figure 1. Radical depar¬ 
tures from this shape may alter the relative impor¬ 
tance of various features of the analysis. 

6.1 IMPACT STAGE (ELASTIC WAVE) 

6.1.1 Pressure at Point of Impact 

Except in the very extreme case in which flu point 
of a pointed head makes the first contact with the 
water surface, the impact pressure exerted on the 
head, as calculated for a “perfect fluid” by potential 
hydrodynamic theory, is infinite since a mass of water 
is given finite kinetic energy in zero time. However, 
Suice wate* is compressible, it oaimut sustain at* in 
finite pressure, and the pressure on the head will be 
liiuitni by thi romprr Nsil-iifly of th*> fluid 

When the torpedo strikes the water surface, the 
part of the nose that normally makes first contact is 
Gswutwdty t *■ flilH * Wnva- 

ated, and the pressure behind this wave may be 
easily calculated. 

1 he bulk modulus for water is given by 
E = pc-, 

uhi.n. p Is the density ,4 Wat a, 2 slugs ^ vr cu ft, and 
c is the speed of sound in water, 4,800 ft per sec. 

Consider a cylindrical element of water of length 
cM, of unit cross-sectional area and with its axis 
normal to the surface of the water at the point ot 
contact. This cylinder, on impact of the torpedo, 
undergoes a compression of magnitude V„ r At, where 
Vnr is the normal velocity of the torpedo relative to 
the surface. The strain (compression) of the water is 
then 

VnrA t _ Vnr 

r&i r 
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so that the pressure on the nose of the torpedo at the 
point of impact, which is the pressure behind the 
elastic wave, is 

EV nr v 

P = - = pCVnr ■ 


of contact of the torpedo, air, and water, recedes to 
diminish to the speed of sound c. The factor of two 
arises since the wave is reflected from the point 
where the velocity of the contact point is just equal 
to c. From Figure 2 it is readily seen that the velocity 
of the point where air, water, and the torpedo meet is 


For a torpedo entering the water at a trajectory 
angle 6 e , 

Vn = V f sin 8 e 

so that, if the water surface is initially at rest, 

Vn = V„ r 

and 

p= pcV„ sin 0 e lb per sq ft. (1) 

For the Mark 13 torpedo with 8, = 20°, and 
V e = 500 ft per sec, p = 11,400 lb per sq in., which 
is many times the stagnation pressure. 

6.1.2 Time Duration of Pressure at Point of 
Impact and Area over Which It Acts 

We now inquire into the time during which this 
pressure at the point of impact may be regarded as 
constant and the area of the nose over which it acts. 
At impact, the point where the torpedo, water, and 
air meet usually recedes from the point of initial 
contact with a velocity greater than c, the velocity 
of sound in the water. This is because of the near 
flatness of the impact surfaces. As a result, the elastic 
wave that is generated at impact, and which pro¬ 
duces the large pressure, cannot escape. At impact, 
the rate at which this point recedes is infinite. How¬ 
ever, unless the head is really fiat, this rate diminishes 
until its value is less than c, and the wave can then 
escape. The peak pressure persists during the time in 
which the pressure wave cannot escape, and it begins 
to damp out thereafter. The pressure wave begins to 
decay after a time which is roughly equal to twice 
the time required for the velocity at which the point 


T0RPC00 
NOSE I 


WATER 
SURFACE. 



V e sin (8 + d) esc d . 

Consequently, this point of contact is moving faster 
than c until the surface of the torpedo makes an 
angle d such that 

V e _ sin d 
c sin ( B e + d) 

The value of d corresponding to this condition 
depends on V, and 8 e only and is independent of the 
shape of the head. Generally d is quite small so that 

sin d = tan d = d • 


sin 8 e ■+• d cos 8„ 


V. . „ 

- Sill Oe 


V 

1- e cos0. 


For the Mark 13 torpedo, which has a hemispher¬ 
ical nose of radius r, since d is small 


Figure 2. Diagram of torpedo nose entering the water. 


sin d = tan d = d = • 

r 


x* is the horizontal distance from the point of impact 
to the place where the contact point (air, water, and 
the torpedo) travels at the velocity c. 

Then, since for most torpedo launchings 

V 

— cos 8 e << 1 , 


V e sin 0,r 


Similarly, for the spherical head it can be seen from 
the figure that the time necessary for the point at a 
distance x* ahead of the point of initial contact to 
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reach the undisturbed surface of the water is approx¬ 
imately 

t * = Kt ~ eos/3) ^ ** 

V e sin 6 e 2c 

During a time of about twiee this length the pressure 
continues at near its peak value. Henee for the Mark 
13 torpedo the pressure begins to decrease after the 
time 

21* = — sin 0,.r . (3) 

c 2 

With Ve = 500 ft per see and 8 f = 20° this time 
amounts to about 6.4 microseconds. 

The area over which the pressure aets is given 
roughly by 

.4 = ttx 2 

as long as x < x*. The maximum value of this quan¬ 
tity, A* — trx*- for the Mark 13 torpedo at 500 ft per 
see and B e = 20°, is about 0.58 sq in. 

A similar approximate calculation can be carried 
through for any shape of nose, and an estimate can 
be obtained of the time and area over whieh the 
maximum pressure acts. The more pointed the nose, 
the faster the increase in /3 and hence the smaller t* 
ATii! u *. Tile vXtTt1.it; ToUgLlxvSS Jt thv JStite&t*, 1.; T 
ever, must always be kept in mind. The above calcu¬ 
lation of x* really only applies to the forward direc¬ 
tion, and the values of the rear and to the sides will 
certainly be different. 

6.1.3 Effect of Elastic Pressure Wave 

W ith the pnysieaT descript ion of the phenomena at 
impaet, we may estimate the effect the elastic wave 
pressure on the nose has on the damage sustained by 
the torpedo and the influence of this pressure on the 
trajectory and underwater behavior of the torpedo. 

From equation (1) we know the magnitude of pres¬ 
sure the head of the torpedo must withstand at the 
point of impact. This is not particularly significant 
for, as will be shown later, the nose must sustain even 
greater pressures at later stages in the entry. 

Since the time for which this constant pressure 
wave persists is very small and the area of the nose 
over which it acts is also small, we can expect both 
the force and the impulse due to this pressure to be 
small. 

The force in the longitudinal direction is given by 
Fi = pA* sin 6 e = rpcV e sin 2 8 e {x*) 2 


and in the transverse direction 

Ft = pA* cos Be = irpcV, sin 6„ cos OAx*) 2 . 

For the Mark 13 torpedo with V e = 500 ft per sec, 
B, — 20°, the numerical values are 

Fi = 2.26 X 10 3 lb , 

F, = 6.22 X 10 3 lb, 

and the impulse is given by 

P 

/ Fdi < FI 

J 0 

so that the longitudinal impulse for the Mark 13 is 

7i < 1.45 X 10~ 3 lbsee, 
h < 3.98 X 10~ 2 lb sec . 

Consequently, wc can say that the resulting change 
in the linear or transverse velocities due to the elastic 
pressure wave is entirely negligible. 

However, as will be shown shortly, in later stages 
of submergence of the nose, large compression .save 
pressures and smaller hydrodynamic pressures acting 
tor r Idhgw tin# -tt-e pwJuw J which bavt fnantatt 
effects on both damage and the trajectory. 

€.1.4 Effect of lfrag Ring and Nose Cap 

When the Mark 13 torpedo is fitted with the Mark 
1 drag ring (pickle barrel), we cannot expect the 
pressures at the point of impact to be predicted by 
(t), hut n t t .\pi l.l them lu b it. tr.uui ttx-se values. 
The reason for this is that, when the drag ring is on 
the nose of the torpedo, it strikes the water first and 
has two effects: 

1. The drag ring starts the water moving before 
the nose of the torpedo comes in contact with the 
water, with the result that the relative velocity of 
the torpedo to the water is diminished, V, < V,. 

2. The drag ring serves as a “cushion" so that 
the pressure on the nose of the torpedo would be 
governed by the compressibility of wood which is 
greater than that of water. 

In some launchings the Mark 13 torpedo is fitted 
with a nose cap over the drag ring (in order to reduce 
the drag while the torpedo is being carried by the 
airplane). If the torpedo entered the water with the 
nose cap, we should expect a similar reauetion in tne 
pressure at impact due to its presence for the same 
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reasons as the reduction due to the drag ring. These 
effects and the experimental verification of the pre¬ 
vious analysis have been observed at the California 
Institute of Technology Torpedo Launching Range 
[CIT-TLR]. 


since the nose must sustain even greater pressure as 
will be seen later, and its effect on the trajectory is 
negligible. Furthermore, the pressure at the point of 
impact is considerably diminished by the drag ring 
or a nose cap. In fact, this entire stage is of such short 
duration that it is usually negligible. 


6.1.5 Summary of Elastic Impact Stage 

At impact the water is compressed, forming a pres¬ 
sure wave. The magnitude of this pressure is given 
by (1) and is proportional to IT and sin d e . For the 
Mark 13 torpedo with V e = 500 ft per sec, 0, = 20°, 
we have a pressure p = 11,400 lb per sq in. acting 
for a time t = 12.9 X 10“ 6 seconds; the area over 
which this acts at this time is 0.38 sq in. The effect 
of the pressure wave on the damage is not important 


6.2 FLOW-FORMING STAGE 


rr.1 • f I 1 I * 1 4- — - - ill til /> L AO /l aC fVl A 

1 ms stage oi uie motion uum iul 
torpedo is submerged so that the flow breaks away 
from the top side of the nose. During this stage the 


torpedo undergoes a change in its longitudinal ve¬ 
locity and a change in its angular velocity. The de¬ 
tails of these changes have not bemi observed, except 
in models, and, since they take place in a very short 
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time, they will be treated as impulsive changes. The 
impulsive change in angular velocity in the vertical 
plane is called the whip. It is the magnitude and di¬ 
rection of the whip that is the important consequence 
of this stage of the motion The phenomena, occurring 
are understood qualitatively, anu some quantitative 
results have been obtained experimentally; however, 
it is in this stage that a quantitative theoretical ap¬ 
proach is most lacking. 

This stage is also of importance from the point of 
view of shell damage since there is a high peak de- 
rr U ratiop Hin'in£ thf* nos^ submergence. 

The most important physical characteristic of the 
torpedo during this stage of the motion is its nose 
.. it l. r - >- ' 1 ■ i - "L h ' 

fluences the whip at entry, and this in turn has a eon- 
trolling effect on the subsequent underwater tra¬ 
jectory. 


6.2.1 Duration of the Flow-Forming Stage 


When the torpedo nose enters, the water will flow 
around it until separation occurs both from the top 
and from the bottom. One can say briefly that the 
flow will separate from the nose at any point where 
the total pressure on the nose is roughly zero or at any 
discontinuity on the surface of the nose for at a dis¬ 
continuity the theoretical pressure becomes nega¬ 
tively infinite and the flow must separate. The point 
on the nose where the total pressure becomes zero 
depends on the pressure in the air or vapor near the 
torpedo head. Since at the time we are concerned with 
flow separation the torpedo head is still in the air, 
the pressure around the head is roughly atmospheric 
pressure or perhaps somewhat less than stmosphenc 
pressure.’ 1 

Consequently, it is clear that the time duration of 
thv t ow-formmg stfigp is intimately connected with 
the nose shape. In order to calculate the point at 
which the flow breaks away for “smooth” heads like 
spheres and ogives, the pressure distribution must 
be known. This point is, however, still somewhat 
obscure. Nevertheless, for noses with discontinuities, 
such as cones, flat heads, truncated cones, noses with 
kopfrings and spigots, examples of which are illus¬ 
trated in Figure 3, the flow will separate at the Dis¬ 
continuity of the nose. Thus it is possible to calculate 


» There may be some circulation of the air in the region near 
the place where the head, water, and air meet, which coiud 
reduee tne pressure, lx is cWi. ..a 4 by ' 1 ' h 

which works on models, that this reduction of pressure is 
about 3-2 to 1 atmosphere. 


roughly the duration of the flow-forming phase of the 
motion for various shaped noses. 

Let v. be the angle at which the flow separates from 
the upper side of the nose. This angle is constant for 
all hemis[ ’herical heads, and different estimates of its 
magnitude vary from 42° to 65°. If r is the radius of 
the hemispherical nose, then the time to separation of 
the iiovv fruiii the upper side Jf tL. rtosib ie give! 
roughly by 

t - r A 1 + sin ( n• — 6e 21 

V„ sin 6 e 

This is illustrated in Figure 3. 

A rough picture of flow separation on a one-inch 
ifuibi l/ lb CIT Steel Dummy is illustrated in 
Figure 4. In this figure the one-inch model is seen 



Ku.i ut. 4. Ftuic scpaTuthm un 1-iu. model of Sleel 
Dummy at end of flow-forming stage (0 e = 19°). 


just after the end of the flow-forming stage. This is 
not necessarily an exact model of the full-scale tor¬ 
pedo behavior but it illustrates the concept of flow 
separation and flow-forming stage. 

e nrtO T7" CAA £4 

II 7} s = DO , IOI* O c = , V e — id o6v, 

t = 8.0 X 10~ 3 sec = 8.6 msec. 

For heads of other shapes an approximate time to 
flow separation can be estimated along lines indicated 
in Figure 3. 

It should b.\ n . i ill 1 .'.! red fi.?ii, i .\ hih 1 f /v 13. ’■ 
rates from the nose at the various points discussed 
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above, if the cavity angle of the flow at separation is 
not great enough, it may easily reform on a part of 
the body further aft. This has been found with spigots 
in some experiments on nose shapes with rockets and 
on other projectiles like the Shark when yawed. Thus 
a second kopfring was put on the Shark head since 
the flow which broke away from the first kopfring 
when the projectile was pitched or yawed reformed 
on the body. The flow broke away from the second 
kopfring when the Shark projectile was yawed and 
then cleared the entire body. 

6.2.2 Pressures Acting on the Torpedo Nose 

During the time of submergence of the nose of the 
torpedo large pressures arc acting on it. At the point 
of impact the pressure on the nose is approximately 
given by equation (1). As the torpedo enters the 
water and before the water has started to move, 
there will be points on the torpedo ahead of the point 




INITIAL PART OF 
FLOW-FORMING PHASE 

FiniTRK 5. Schematic illustration of elastic wave anil 
initial part of flow-forming stages. 

of impact at which the relative velocity of the tor¬ 
pedo to the water will be greater than at impact (see 
Figure 5). Thus, at a point on the nose where the sur¬ 
face of the nose makes an angle (3 with the water 
surface, the velocity relative to the water is 


F e sin (d e + P) — V w , (4) 

where V w = velocity of the water. Consequently, if 
V w = 0, the pressure at this point on the nose is given 
by 

P=pcV e sin (0„ +/3). (5) 

Since sin (6 e + 0) > sin 0„ for points forward of the 
point of impact, the pressure at points forward of 
the point of impact is expected to be greater than 
at the point of impact. Similarly, it is expected that 
the pressure aft of the point of impact should be less 
since the relative velocity is smaller. Presumably 
these peak pressures begin to attenuate immediately, 
somewhat as illustrated in Figure 6. 



The CIT-TLR uses hydropressure plugs in order 
to record peak pressures at various points on the nose 
of the Mark 13 torpedo, as illustrated in Figure 7. 
About twelve plugs are inserted so that the distribu¬ 
tion of the peak pressures over the nose is recorded. 
Examples of the results obtained are given in Figure 
8. From this figure the effect of the drag ring and nose 
cap in reducing the elastic wave pressure is apparent. 
From equation (5) we might expect to predict the 
pressure distribution over the head except that the 
relative velocity of the torpedo to the surrounding 


l 1 T L * —i A — h — — - - v- /\ d + Vi 4- nr< 4-K A 

water IK not Known. It lb to UC uuav, c*o mt. 

nose is submerged and momentum is imparted to the 
water, the water will flow and diminish the velocity 
of the torpedo relative to the surrounding water. 
However, in the neighborhood of the point of im¬ 
pact, the water has not had a chance to flow so that 
the recorded pressures should be roughly those pre- 
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Figure 7. Mark 13 nose fitted with pressure plugs. 

dieted by equation (1), which is equation (5) with 
/3 = 0. In Figures 9, 10, and 11 the observed pressures 
at the point of impact (0 = 0), at the point 16° for¬ 
ward of the point of impact (0 = 16°) and 16° aft of 
the impact point (0 = - 16°), are compared with the 
pressures predieted by equation (5). On the whole, 
considering the experimental errors and the very 
crude nature of the theory, the agreement is good. 

Forward of the position which is 16° forward of the 
point of impact, we notice from Figure 8 that the 
peak pressures are significantly less than indicated by 
the estimate. Here the water has had time to acquire 
a velocity so that V w > 0, and the relative velocity of 
the torpedo to the water is less than I... 'Ac do not 
know the magnitude of IT, but we do know that the 
calculated pressures must be too high. 

As has been mentioned, these compression wave 
pressures attenuate very rapidly so that they only 
exist for a very short time. However, when they have 
damped out, the hydrodynamic pressures remain 
about a body which is decelerating in a fluid, but 
around which the flow is still forming so that the 
water has not yet separated from the top of the nose 
of the torpedo. These pleasures probably vary as V 2 . 
They are smaller in magnitude than the compression 
wave pressures, but on the other hand they act over a 
larger area and exist for a longer time. 

Various theoretical attempts have been made to 
determine the distribution of these hydrodynamic, 
V i t pressures over the nose of the torpedo for simple 



head shapes. So far, only some results for the vertical 
entry of a sphere have been obtained by two different 
theoretical approaches. These results are not directly 
applicable to the problem of oblique entry, which is 
the practical problem we are concerned with in the 
water entry of torpedoes. These results indicate that 
the F 2 pressures on the nose during this stage of entry 
are many times the stagnation pressure. The theoreti¬ 
cal results obtained for this simplified ease are in lair 
agreement with experimental results, but more work 
should be done along these lines. 

Consequently, we have no theoretically reliable 
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Figure 12. Mark 13 nose without drag ring 
pled” by high-speed entry. 


O tOO ZOO 300 400 500 600 7C 

ENTRY VELOCITY V« 

Figure 10. Pressure at point forward of impact 
((3 = 16°); Station E. 


Figure 13. Mark 13 afterbody buckled (“accordion 
pleated”) by high-speed entry. 
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quantitative results for the V- pressures on the nose 
of the torpedo for oblique entry, but we do have 
many qualitative results as well as experimentally 
obtained quantitative results. Many of these will be 
discussed when the trajectory in the flow-forming 
stage of the motion is described. 

6.2.3 Damage During Flow-Forming Stage 

The damage to the torpedo at entry may be di¬ 
vided roughly into damage to the shell and damage to 
the interna! mechanisms of the torpedo. 

Damage to the Shell 

Damage to the shell of the torpedo is due to the 
high peak pressures which last for a relatively short 
time. In the case of the Mark 13 torpedo, the very 
large pressures predicted by equation (5) have been 
found to “dimple” the nose of the torpedo. This has 
been observed both at the Newport Torpedo Station 
and the CIT-TLR. In Figure 12 the photograph of 
the nose of a Mark 13 torpedo launching at the CIT- 
TLR in which the nose was “dimpled” is illustrated. 
The point of “dimpling” is about 30° off the axis of 
the nose and occurs close to the point of maximum 
pressure. 

As has been discussed in Chapter 5, the drag ring 
diminishes the peak pressures, as may be seen from 
the pressure plug readings in Figure 8. Consequently, 
this type of nose damage should be considerably 
diminished by the presence of the drag ring. Further, 
it has been found that the peak deceleration of the 
Mark 13 torpedo during this stage of the motion is 
very large and varies roughly as lk 2 or faster. These 
peak decelerations are only local in nature and have 
little relation to the motion of the torpedo. They are 
measured by accelerometers in the nose and represent 
local deformations. The recorded magnitudes are 
over 1 , 209(7 in a direction transverse to the torpedo 
axis. It is to be expected that the forces causing this 
high deceleration would damage the shell. With the 
drag ring on the nose, this peak <k«cn tat inn is 
diminished to about 75 per cent its value without 
the drag ring. Thus it was found that, for Ik = 400 ft 
per sec for the CIT Steel Dummy (M — 47.2 slugs), 
for 9 e = 20°, the accelerations as recorded by in¬ 
dented in the nose ar c 


Furthei v ei ihcation of these predictions and re 
suits have been obiained in launchings at the New¬ 
port Torpedo Station. There it was found that, for 
launchings for which r oughly V e = 450 ft per sec, 
without a drag ring the torpedo nose was “dimpled” 
at entry, and the afterbody was “accordion pleated,” 
that is, it was buckled as is expected from a very 
high peak axial deceleration. This last type of dam¬ 
age hug h I iio 1> '.u hi. rved at the CIT-TLR and is 
illustrated in Figure 13. However, when fitted with a 
drag ring, none of these effects was noticed in the 
entire velocity range at which torpedoes tvere 
launched at the Newport Torpedo Station (up to 
about V, = 000 ft per sec). 

Another type of shell damage occurring during this 
stage of motion is the failure of the joints of the tor¬ 
pedo. Due to the nose-up angular velocity received 
during this stage of the motion, large stresses are ex¬ 
perienced at the joints of the torpedo shell. This 
failure has been observed at the CIT-TLR and is 
more marked the more the pitch is nose-up at entry 
since this increases the nose-up whip. 

Component Damage 

Component damage to the torpedo is rarely pro¬ 
duced by this sudden peak deceleration except per¬ 
haps on some typos of exploder mechanism in the 
nose. The behavior of the components when subject 
to a sudden short peak deceleration is as though they 
had suddenly received the impulsive velocity change 
sustained by the torpedo. Thus it may be proved 
that the acceleration sustained by the components of 
the torpedo is proportional to the impulsive change 
in velocity. The main source of component damage is 
the steady drag deceleration which will be discussed 
further under Torpedo Damage in Section G.3. 

6.2.4 Impulsive Axial Velocity Change 

Gene it a l Con si dekati on s 

Since, during this relatively brief stage of the mo¬ 
tion, momentum ncontw'-ed, we may say that 

MVe = (M + m) (Ik - AF) , 

where m represents some suitable mass of water 
which is being accelerated. This may be called the 
induced mass. Consequently 


M + m 


Plain nose 505r/, 

Drag ring 405g, 

Drag ring and nose cap 340(7. 
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or the axial loss in velocity is proportional to the 
entry velocity. The value of the quantity m, the mass 
of water being aeeelerated, is obscure. 

Several suggestions have been made for the value 
of " 7 i to be associated with the entry of a sphere iii 
water. 

1. It has been proposed that the value of m be 
taken as half the induced mass corresponding to the 
potential flow about a sphere whose radius is given by 
the radius of the circle of intersection of the water 
surface and the entering spheie, that is, 

w here r is the radius of the circle. (Of course, r is a 
function of the depth of penetration of the sphere.) 

2. It has also been suggested that the value of m be 
taken as the induced mass correspo:' ding to the po¬ 
tential flow about a disk whose radius is t he radius of 
the circle of intersection of the sphere and the water, 
4/3 pr\ 

In addition, in one theoretical attempt at the cal¬ 
culation of the vertical entry of a sphere in w ater the 
value of m has been obtained by replacing part of the 
sphere below surface by a lens with some refine¬ 
ments and using for the virtual mass the results ob¬ 
tained by hydrodynamic theory for the induced mass 
of a lens. The results were not too different from the 
results obtained using m associated with a sphere as 
above. However, no theoretically reliable estimates 
of the quantity m are at hand foi oblique eutiy, So 
we can only say that it is expected that F will be 
proportional to F,. 

In order to discuss the magnitude of AI , we must 
decide on what distance of submergence of the head 
\ve ft IV considering in the measurement of At . r I he 
distance will be taken to equal the distance corre¬ 
sponding to flow separation from the upper side of 
the nose, which is denned as the duration th ntw 
forming stage. It would probably be desirable to be 
able to attribute a certain amount of this change in 
axial velocity during the entire flow-forming stage to 
the compression-wave pressures which we found to 
vary as V,. and the balance to the hydrodynamie 
pressures whieh vary as V 2 . However, there is not 
sufficient evidence, even for the Mark 13 torpedo, to 
be able to make this kind of division. Both types of 
.munllir fiviet of f h o nnint on the nose at 

1 Ul t-CD uoua-iij -v . -—- • - x- 

different times. Furthermore, for both types of forces 
the net impulse varies directly as the velocity. Thus: 

1. Forces varying as F„ since they are compres¬ 
sion-wave forces and attenuate very rapidly, may be 
considered as acting for a very short time w hich is 


constant independent of V e . The impulse is therefore 
proportional to F 

2. The hydrodynamic forces vary as F„ 2 , and the 
time for whieh they act is roughly the time duration 
<A the flv'v-funuirg platae of the mo+.jon This varies 
as 1/F,. Consequently, for this type of force the 
impulse also varies as V e - 

As a result, from records on hand which give the 
axial velocity as a function of time for time intervals 
of a millisecond we cannot distinguish the effects of 
tlifeSt tw u types d foic%e 

Magnitude of AF 

Because of the inadequacy of the available theo¬ 
retical estimates of m, the magnitude of AF can be 
obtained only from direct observation. Unfortu¬ 
nately, there are experimental results for only one 
shape nose, namely, the Mark 13 hemisphere. 

For the Mark 13 it is found that, during the flow¬ 
forming stage, approximately AF = 0.034 F.. AF is 
proportional to F c , and the time duration of this 
stage of the motion is proportional to 1/F,. Since 
AV = (a/2) Ai, where a is the mean acceleration during 
this phase of the motion, we can say that a ^ F, 2 . 
At the CIT-TLR, accelerometer records obtained in¬ 
dicate this fact very clearly. 

In general, as the dimensions of the nose increase, 
^ d •' < increases 

so that AF during the flow-forming stage will increase 
with the dimensions of the nose. In addition, it is 
expected that, as the eross-sectional area of the nose 
increases, the urea over which the hydrodynamic 
forces act will increase with the result that AI w r ill 
increase roughly as the cube of tnc linear dimensions. 
Not much experimental information has been ob- 
;d. ;■ •• ' « ver i. i.- orobabl. 

true that AF increases for blunter noses and decreases 
for finer noses. For eones up to moderately large cone 
angles, for ogives, and for spigots, AF is probably 
less than a hemisphere; while for truncated cones 
perpendicular to the axis of the torpedo wfith a laige 
flat area, for flat noses, for cone noses with large cone 
angles, and for kopfring noses, AF is probably larger 
than a hemisphere. 

Since, for a given set of entry conditions a certain 
amount of axial momentum is imparted to the tor¬ 
pedo, for AF < < V e , and m << M, MAY = con¬ 
stant. As a result, AF « 1/M, or the axial change in 
velocity is inversely proportional to the mass oi the 
torpedo. 
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It should be noted that the drag ring on the Mark 
13 torpedo does not alter AF, even though it dimin¬ 
ishes the peak. mhos ni v, 1f * ■ 1 1 y the pressure 

plugs and the peak local decelerations in the nose. 
This is |>erhaDS further evidence for indicating the 
predominant effect of the F 2 forces in producing AF 
since the drag ring affects the peak values of the pres¬ 
sure and deceleration, but probably irut th .-,t ea ly l 
pressures. 

6.2.6 Change in Angular Velocity of the 
Torpedo in the Flow- 
Forming Stage 

The whip at entry, which is the change in angular 
velocity in the vertical plane, is probably the most 
important single quantity in determining the initial 
underwater trajectory of a torpedo, fin- forces pro¬ 
ducing the whip are determined primarily by the 
shape of the nose of the torpedo. 

Two effects conti ibute to the «hq. Dui lug th. 
flow-forming stage, first the lower part of the nose is 
being wetted and then t.he upper part of the nose. As 
a result, while the lower part is in contact with the 


water and the upper part is still in air, large forces 
will be acting on the lower part of the nose with no 
feoUiper*JB.Cut£ foettws on tl* oppef part Tn general 
this will apply a torque about the center of gravity of 
the torpedo and produce an angular velocity. The 
second cause of a whip is that, if the torpedo enters 
with a pitch angle a e or a yaw angle i/v, the drag 
forces which p*. hits- the ehtngt ii lb* ■ fbd v> 1 j’Lly 
will have a moment about the center of gravity of 
the torpedo which is proportional to sin a c and sin 
and consequently result in a whip Aco and a yawing 
angular velocity Ai/\ 

Since the pressure distributions around the nose 
of the torpedo during this stage of the motion are not 
known, the whip cannot be calculated. The most im¬ 
portant single unsolved theoretical problem con¬ 
nected with the water entry of torpedoes is a deter¬ 
mination of the whip at entry and its dependence 
upon the entry conditions. 

Although a completely theoretical approach has 
not been th.fm.-d, some iehdetHlei &i>d *J§mpfc ft in¬ 
ti ons may be obtained. The whip is very closely con¬ 
nected with the change in the transverse velocity in 
the flow-forming stage. The whip multiplied by the 



Figure 14, Typical tail flare records showing refraction due to whip. 
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distance from the instantaneous center of rotation tc 
the nose of the torpedo is equal in magnitude to the 
change in the transverse velocity of the nose. 

The change in velocity at entry is proportional to 
V.. Consequently, the whip at entry is proportional 
to V t . To review briefly the reasoning: for forces 
proportional to F 2 , the time while the forces are un¬ 
balanced (acting on the lower side of the head and 
not the upper side) varies as l/F„ so that the impulse 
will vary as F,. Similarly, the part of the whip which 
is proportional to sin \p, 3* and sin <* f 3* a e , is also 
proportional to the axial change in velocity AF and 
hence is expected to be proportional to F,. Finally, 
any part of the whip attributable to the clastic wave 
will vary as V „ 

Detailed discussion of the whip must be based on 
an assumed nose shape. 


DRAG FORCE 



Figure 15 . Forces independent of torpedo axis orien¬ 
tation ; hence rotational moment of drag force is propor¬ 
tional to at. 


Hemisphere 

Whip Change in Angular Velocity. At the CIT- 
TLR, experimental results have been obtained for a 
hemispherical nose. By means of flares on the tail of 
the torpedo records like Figure 14 are obtained, and 
the change in angular velocity is recorded. 

Since the whip is proportional to V e and is expected 
to be propoi ' -’at to and i/o as may be seen from 
Figure 15, relations of the form 

= oi(fl t ) +a,(fl,)«., (7) 

F. 

(Nose-up pitch and nose-up whip are positive.) 

= a 3 (0 P )V h > (8) 

1 e 

where I is the moment ot inertia of the torpedo about 
a transverse axis through the center of gravity, aie 
expected. 

The coefficient ai is a function of 8,. There will be 
a whip simply because one side of the nose is ex¬ 
periencing hydrodynamic pressures and the other 
side is in contact with air. 

By means of flare records on the tail of the torpedo, 
the coefficients ai ana a 2 were found at the Full-Scale 
Launching Range with 6 e = 20° for the Steel Dummy 
torpedo. The external shape of the Steel Dummy is 
the same as the Mark 13, but its moment of inertia 
7 = 800 slug-ft 2 and M = 47.2 slugs, as compared to 
I = 960 slug-ft 2 and M = 67.2 slugs for the Mark 13 
torpedo. 


Thus, for the CIT Steel Dummy, 

ai(20°) = 187 slug-ft degrees , 
o >(20°) =21.2 slug-ft. 

In obtaining these quantities from the observations 
a correlation coefficient of 0.8 was found, which is an 
indication of the correctness of the expectations. In 
addition, although there is no experimental evidence 
to give a 3 , since we are dealing with a hemispherical 
nose, it is clear from symmetry that a 3 — a 2 . 

We now inquire into the values of a ; and a 2 for the 
Mark 13 torpedo. It is clear that the angular momen¬ 
tum transferred to the Steel Dummy will be the 
same as to the Mark 13 so that these coefficients will 
be the same. However, if the angular momentum im¬ 
parted to both types of torpedoes is the same, then 
the quantities Aw/ F, and A^ I „ will evidently differ, 
being in the ratio of the respective moments of inertia 
800 960. Thus we may say: 

Steel Dummy at 6 e — 20° 

Am/F, = 0.234 + 0.0260 a c degree per ft , 

and 

u/l' t =■. 0.0265 'pc degree per ft. 

Mark 13 torpedo at 8,. = 20° 

Aco/F,. = 0.195 + 0.0221 a c degree per ft, 

and 

A\p/V e = 0.0221 ie degree per ft. 
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To be able to predict the whip at any value of 0„, 
m. have tj kiiov the dependence of a, on ». On this 
point there is no experimental evidence on full-scale 
torpedo launchings since the whip has only been ob¬ 
tained for full-seale launchings with 0 C = 2th. i o Find 
this dependence, detailed assumption on the type of 



pressure distribution is unnecessary for one needs 
primarily only the dependence of the pressure distri¬ 
bution on 8 r . If the pressure distribution is indepen¬ 
dent of Be, as appears likely, for a hemispherical nose 
and if the mechanism of the whip is understood cor¬ 
rectly as being due to an'ii^nbalanced pressure acting 
on the underside of the nose, the whip for zero pitch 
should be proportional to the time duration of the 
flow-forming stage, which was found to be propor¬ 
tional to cot B e . A theory which will give the complete 
pressure distribution, and hence the whip, will also 
yield the dependence of ai on 6 e . We can only say un¬ 
equivocally that fli is a decreasing function of 0„ and 
there is some indication that it decreases like cot B e . 


By means of an optical whip recorder the Morris 
Dam Group working on 1-in. models of the CIT feteel 
Dummy recently obtained the whip as a Junction of 
distance along the trajectory during the flow-forming 
stage ioi v e — 12°, ami 34°. Tissue Wfc iIllMfcl*Uii] 
in Figures 16, 17, and 18. These whips are only about 



FioriUi 17. Pitch angle versus distance front entry 
for 1 -in. model of Steel Dummy; 9, = 19°. 

70 per cent of the values obtained for the full scale 
dummy at the Torpedo Launching Range; neverthe¬ 
less, the dependence of these whips on B e is interesting 
to note. Reading the whip, which is proportional to 
the slope of these curves at a distance corresponding 
to the end of the flow-forming stage, one finds that 
the whip varies like cot 0 r . 1 his is illustrated in 1* iguie 
19. There are a number of discrepancies between the 
whip of the 1-in. model and the whip of the full-scale 
torpedo so that this is not conclusive evidence that 
a x <x cot Be. However, it is a noteworthy experimental 
indication of the dependence of n x on 0„. 

There is even less experimental evidence on the be¬ 
havior of a 2 and a 3 as functions of 0„ but they prob¬ 
ably both have finite values when B, : = 90 and in¬ 
crease as Be decreases to small angles. 
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From relation (7) it is clear (with the sample values 
of ai and a 2 ) that for a hemispherical nose the nose-up 
whip at entry increases for nose-up (flat) pitch and 
decreases for nose-down pitch and also decreases with 
increasing trajectory angle at entry, 0 e . In other 



Figure 18. Pitch angle versus distance from entry 
for 1-in. model of Steel Dummy; 6. = 34“. 


words, the torpedo tends to “stub its toe” as it enters 
with increasing nose-down pitch. It is also clear that 
a nose-right yaw angle will produce a nose-right 
angular velocity. 

Of course, the quantities Aw and Aare not the 
angular velocities, t ut only the change in the angular 
velocities. In other words, they represent the angular 
velocities at the end of the flow-forming stage less the 
angular velocities at entry, which are usually rela¬ 
tively small. 

Change in Orientation of the Torpedo A .vis during the 
Flow-Forming Stage — Instantaneous Center of Rota¬ 
tion and Effect on Trajectory. For a hemispherical 
nose all forces act normal to the surface of the nose 
and the resultant force passes through the center of 
the nose. Furthermore, 

r\ = distance from the point of application of the 
impulsive forces to the center of gravity; 

r 2 = distance from the center of gravity to the in¬ 
stantaneous center of rotation; 


k = radius of gyration of the torpedo about the 
center of gravity; 

then 

rg~ 2 = k 2 . 

F or the 

CIT Steel Dummy, r, = 4.9 ft, k 2 = 17 ft 2 , 

Mark 13 Torpedo, r x = 4.9 ft, k 2 = 14.3 ft 2 . 

Consequently, 

CIT Steel Dummy, r 2 = 3.47 ft, 

Mark 13 Torpedo, r 2 = 2.92 ft. 

Since the center of gravity is 5.8 ft from the nose, 
the instantaneous centers of rotation are 

CIT Steel Dummy, 9.27 ft aft of the nose, 

Mark 13 Torpedo, 8.72 ft aft of the nose. 



At the Full-Scale Launching Range the whip at 
entry is obtained from flares on the tail of the CIT 
Steel Dummy. If the torpedo receives a whip at 
entry, it is clear that the tail flare images will fall 
below the air flight line. If the whip is Aw radians per 
sec and if the rate at which the flare images fall be¬ 
low the air trajectory is Mb, then it follows that the 
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distance between the tail flare and the center of 
gravity is given by 



For the CIT Steel Dummy, d = 4.3 ft. Consequently, 
the distance from the instantaneous center of rota¬ 
tion to the nose of the Steel Dummy is (13 - 4.3) ft 
= 8.7 ft, which is in fair agreement with the calcu¬ 
lated position. 

Since the instantaneous center of rotation is ait of 
the center of gravity, it is evident that during the 
flow-forming stage the center of gravity will ex¬ 
perience a transverse velocity of magnitude: 

v -- r 2 Ato . 


And from Section 6.2.1 

AaS (?l±^L) r [l+sin(,. — «.)]. (U) 

21 sin 0„ 

Consequently, the sum of the changes in the pitch 
angle for a hemispherical head during the flow-form¬ 
ing stage from equations (9) and (11) is 

(a, + a 2 a,) f r[l + sin (t). - 0,)]! 

Aa = -- r 2 - : ~ I • 

I L 2 sin S e J 

The net result is that for the Mark 13 torpedo with 
0, = 20°, v> = 50°, the pitch angle is made more nose- 
down in the flow-forming stage by an amount de¬ 
pending on a e and given by 


Consequently, the trajectory (the path of the center 
of gravity) will be refracted upward by an amount 
given by 

tan (A0) = ~, 

* e 


and, since A0 is very small, then tan (A0) = A0 so that 


A0 = 


r 2 Aoj 

’ f7 


r 2 (a t + a 2 <*,) 

I 


(9) 


For a, — 0, using the calculated values of r 2 , 

A0 (Steel Dummy) = -0.81 degree, 

A0 (Mark 13 Torpedo) = -0.57 degree. 

For a, = -2° (2° nose-down), 

A0 (Steel Dummy) = —0.63 degree, 

A0 (Mark 13 torpedo) = -0.44 degree, 
where A0 is negative since 0 is being diminished. 

Change in Pitch Angle during Flow-Forming Stage. 
Since the trajectory is refracted upward by an 
amount A0, the pitch angle relative to the trajectory 
will be made more nose-down by the same amount. 
Consequently, due to the refraction of the trajectory 
the pitch angle during the flow-forming stage is made 
more nose-down by an amount given by equation (9). 
However, during the flow-forming stage, the torpedo 
is receiving a whip. The nature of the rate of increase 
of this whip during the flow-forming stage is not 
known. However, it is fairly safe to assume some sort 
of linear increase in the whip. As a result the pitch 
angle is made more nose-up by an amount 


A a 


= ^ AwA t = 


(di + « 2 a,) V r A t 

-~2T 


( 10 ) 


Acc f (a e = 0°) = -0.18 degree (nose-down) , 

Aa,(a t = -2°) = —0.14 degree , 


which is a very small amount. However, it is seen to 
be a function of the trajectory angle and can even 
change sign for a small enough trajectory angle at 
entry. 

For the yawing motion the change in yaw angle is 
given by 


A «£ 


a$pe r _ r[l + sin (y, — 0,)] 

/ _ 2 2 sin 6 e J ’ 


and is zero for = 0, while for the IVIark 13 tor 
pedo with = 2°, 8 C = 20°, n, — 50°, Ai {/ = 0.04 de¬ 
gree. 

Other Shaped N oses 

For a hemispherical nose we have a great deal of 
quantitative evidence concerning the whip; for other 
shaped noses most evidence is qualitative. 

It is not necessarily true that when a torpedo enters 
the water it should receive a nose-up whip for the 
direction of the whip will depend both on the entry 
conditions and on the nose shape. Even a hemispher¬ 
ical head can have a nose-down whip at entry if the 
pitch angle at entry is large enough nose-down. 

By considering the general qualitative way in 
which the flow forms around a nose, some idea can be 
obtained as to the nature of the whip. A flat nose, for 
example, will be expected to whip nose-down as illus¬ 
trated in Figure 20, while a sharp ogive will be ex¬ 
pected to whip nose-up. Presumably the whip for 
almost any nose shape can be approximated by an 
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Figure 20. Flow-forming stage of flat nose torpedo 
showing nose-down moments. 


expression of the form (7) but the functions «i(0.) 
and a 2 (0 f ) can only be determined by experiment or 
a further development of the theory. 

In one ease for a 90° cone tangent to the Mark 13 
(hemispherical) nose, with a radius of about 7.29 in. 
at the end of the cone, values of the coefficients «i and 
cr 2 were obtained at the OIT-TLK for 0, = 20° with 
this nose fitted on the OIT Steel Dummy body. These 
were 

a\ (20°) = 253 slug-ft degrees , 
a 2 = 35.5 slug-ft. 

It is clear that for this 90° cone angle on a hemi¬ 
sphere, with the flow separating at roughly the same 
position as on the Mark 13 nose, the whip at zero 
pitch is greater than for a hemisphere, and, as ex¬ 
pected, the whip changes more rapidly with pitch 


angle with this cone nose than with a hemisphere. For 
a nose with a spherical cap of large radius, one may 
expect a small whip as may be seen in Figure 21. 



Figure 21. Small moment arm and hence small whip 
of torpedo with spherical cap of large radius. 


Evidence on the Nature of Forces 
Producing the Whip 

11 has been mentioned that the whip at entry is ob¬ 
tained at tbe Full-Scale Launching Range by means 
of flare records on the tail of the torpedo. From these 
records the entire change in angular velocity appears 
to occur in about one or two msec, as illustrated in 
Figure 22. (This figure is obtained from records like 




TIME IN MILLISECONDS 


Figure 22. Typical velocity and pitch angle versus 
time data from flare records (CIT Steel Dummy). 
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that illustrated in Figure 14.) On the basis of the 
ideas developed, this time is much too short. For 
V e = 500 ft per see, it has been indicated that the 
angular velocity should continue to increase for 
about 8.6 msec. However, there is also observed a 
time delay of about 5 msec between impact and the 
first motion of the flare, which indicates that at 
entry the torpedo behaves like an elastic body. This 
fact may account for the apparently too short dura¬ 
tion of the whip. There is another indication of the 
time duration of the whip from preliminary observa¬ 
tions with shock-mounted accelerometers in the nose 
obtained at the CIT Torpedo Launching Range. 
From these it is found that when I „ = 30U It per sec 
the transverse velocity for the CIT Steel Dummy is 
about 3 ft per sec in the first millisecond. For zero 
pitch at about 300 ft per sec, Aoj = 70 degrees per sec. 
Since the instantaneous center of rotation is about 
9 ft from the accelerometer, the transverse velocity 
at the accelerometer at the end of the flow-forming 
stage is about 11 ft per sec, which is much larger than 
is obtained in 1 millisecond. In fact, the accelerometer 
records indicate that in the time corresponding to 
the duration of the flow-forming stage, the transverse 
velocity will be in agreement with the value pre¬ 
dicted by the whip. 

By means of an optical whip recorder and the one- 
inch model of the CIT Steel Dummy, the Morris 
Dam Group has obtained very line time resolution of 
the whip duiui£, tilt, liovv l, In.nig Jilagt. 
curves of pitch angle versus distance from entry were 
presented in Figures 16, 17, and 18. On these figures 
the distance of travel from entry, corresponding to 
the flow separating from the top of the nose, has been 
iiuthated. CkaiVv, *Ws dlrt - ft i m. l lt f u rV ™. 

it differs in Figures 16, 17, and 18. In fact, it varies 
like cot B e . From these figures it is seen that the slope 
of the curve, which is a measure of the whip, con¬ 
tinues to increase, although not uniformly, up to the 
end of the flow-forming stage. This is especially clear 
in Figure 16 where B c = 12° so that the torpedo has to 
travel a fair distance for the flow to separate from the 
top of the nose. Since these results have been on one- 
inch models where discrepancies appear between the 
whip observed and the full-scale results, thev are 
veftattily not Conclusive. I Inwevv-, they do lend 
strong support to the statement that the whip will 
increase (due to the lift on the nose) during the entire 
flow-forming stage. 

This indicates that the forces producing the whip 
are as described earlier, namely, hydrodynamic (V 2 ) 


forces acting on the lower part of the nose while the 
upper part is still in air. Further evidence along these 
lines arises from the fact that, although the drag ring 
will markedly decrease the elastic wave pressure, it is 
seen from flare records at the CFl-lLR that the 
drag ring does not alter the whip at entry. Conse¬ 
quently, it is believed that the V 2 forces, which are 
probably mattered by the drag ring, produce the 


whip at entry. 

These observations also indicate the care that must 
be taken in interpreting observations. r I he torpedo is 
an elastic rather than a rigid body, and due account 
must be taken of this fact. 


teinee in the vicinity of the point u! hiipliot ttm 
shape of the cone nose tested at the CIT-TLR is 
close to a hemisphere and since the whip is still 
markedly different from that of a hemisphere, we 
have further evidence that the V 2 type of forces pro¬ 
duce the whip rather than elastic wave forces. Thus 
the elastic wave forces exist in the neighborhood of 
the impact point and should roughly be the same for 
both noses. Consequently, if the elastic wave pres¬ 
sures produced the whip, its magnitude and depen¬ 
dence on pitch Would he approximately tht s&’iic for 
the cone and the hemisphere, while, if the V 2 forces 
produced the whip, it will differ markedly for the two 
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Design Features Influencing Whip 

fi -* i l'f tii civil inhered that for all heads the 
whip is proportional to V e . In addition, for all tor¬ 
pedoes with a given nose the whip varies inversely as 
the moment of inertia ul the torpedo. I ouscqUeiUly, 
torpedoes with greater moments of inertia will possess 
miuilrr whips at ent.r> , and torpedoes with smaller 
moments of inertia will have larger whips at entry. 

As has been seen, the nose forces producing the 
whip at entry will vary considerably with the nose 
shape. However, for a given nose shape some indi¬ 
cation can be given of the variation of these forces 
with the dimensions of the nose. For example, in 
general the whip will differ for a hemispherical nose 
of large radius and of small radius. The indication 
from previous discussions is that usually the nose 
forces producing the whip at entry for a given nose 
shape will increase in magnitude with larger nose 
dimensions. The reason for this is that the torces 
producing the whip, and hence the whip, appear pro¬ 
portional to the area of the nose. In addition, the 
whip appears to be caused by unbalanced forces 
acting on the nose of the torpedo. The time these 
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hydrodynamic forces remain unbalanced is the time 
for separation of the flow from the nose, which is the 
time duration of the flow-forming stage. This has 
been calculated in Seetion 6.2.1 and from that section 
it is seen that the time increases with the dimensions 
of the head. Consequently, we can say that for a. 
given nose shape the impulse and forces producing 
the whip at entry will increase with increasing head 
dimensions, roughly as the third power of the linear 
dimensions of the head. In all cases the time of the 
flow-forming stage, and hence the time of the whip, 
decreases with increasing trajectory angle at entry. 

The nose shape and size dcltunl res the ha res pro¬ 
ducing the whip at entry; however, the characteris¬ 
tics of the torpedo also determine the magnitude of 
the whip at entry. 

As was pointed out, for a given set of entry condi¬ 
tions increasing the moment of inertia / will decrease 
the whip at entry. Thus, everything else remaining 
the same, the whip at entry is inversely proportional 
to the moment of inertia. 

In addition, it is clear that the moment arm about 
the center of gravity of the nose-lift and nose-drag 
force* v.-ill he proportional to the distance from the 
center of gravity to the nose of the torpedo l\. Hence, 
for a torpedo with given head shape and size and fixed 
/, the quantities eq, a 2 , 03 , and hence the whip, will 
be proportional to h. 

We may say that, for a torpedo with a given den¬ 
sity and fixvd shapr (primarily a fixed length diam¬ 
eter) since the moment of inertia is proportional to 
the fifth power of the length, and since the density 
-remains f uii ty vonstunt, ttw whip will ittrewwty 
as the first power of the linear dimensions. 

6.2.6 Ricochet 

In the discussion of the flow-forming stage of the 
motion it has been tacitly assumed that the head of 
the torpedo will De submerged sufficiently foi the 
flow to separate and the torpedo head will continue 
to submerge. Actually, this is not necessarily true. 
Thus, when part of the nose becomes submerged, it is 
possible for the hydrodynamic lift forces to be suffi¬ 
ciently large so tnat the uorpedo "bounces" off the 
water or ricochets. Ricochet means a motion such 
that the torpedo is never completely covered by 
water. Of course, it is expected that a ricochet will 
occur only for very shallow trajectory angles at 
entry. 

Observations of the ricochet of spheres indicate 


that the tra jectory angle at entry, which must not be 
exceeded if ricochet is to occur, is given roughly by 
18 °/\/p„ where p s = density of the sphere. As a mat¬ 
ter of fact, this is the underlying principle of a Ger¬ 
man weapon “Kurt” (a sphere which enters with 6 e 
very small and at high speed so that if “bounces” 
along the water surface). The sphere would land on 
the water with v e = IT and continue to ricochet until 
it lost sufficient speed. 

Concerning the ricochet of a hemispherical-nose 
torpedo, the British could not make their 18-inch 
torpedo ricochet for 9 r down to 10° and V, = 250 
ftnots. In ord.'P fof Hi* Mtrfk 1 ricur’vi 

it is seen from the rough relation 18°/ y/p, that very 
approximately 9 C must be less than 4.4 degrees. Thus, 
for very shallow entry angles, it is possible that a tor¬ 
pedo with a hemispherical head will not enter the 
water but will ricochet. 

For torpedoes with ogival heads there will probably 
be a greater tendency to ricochet; also, a nose-up 
pitch at entry will produce a greater lift force and 
hence increase the tendency to ricochet. A hemi¬ 
sphere would not be influenced by the nose-up pitch 
as would an ogival head. In general, for ricochet very 
shallow entry angles and high entry velocities are 
required and also n shapes that have large nose-up 
whips at entry. Noses that whip down at entry prob¬ 
ably will not ricochet at any entry angle. 

6.2 .1 Essential Data and Timber Research on 
This Stage of the Motion 

i4t»'uun* 'll ■' s itiflj.ytwv’ on the future motion 
of the torpedo, the most important quantity which 
should he studied during this stage of the motion is 
the whip at entry. 

Compared to the whip all other characteristics of 
this stage appear to he relatively unimportant. As 
we have seen, the whip depends both on the nose 
shape and on tin torpedo Imdy. Since the dependence 
on the body parameters are known, it is necessary to 
obtain the dependence of the whip on the nose shape. 
Hence, it appears profitable to tabulate the whip for 
various noses in the form of a nose-lift coefficient and 
viv.t.. . ti 1 v. ,i |, T.d. tiv*"'. tiUS 1 tff c ti'. -■ i' 11 v 

entry conditions. 

At present it appears that perhaps the most fruit¬ 
ful approach to a determination of the nose-lift co¬ 
efficient is by direct experiment with various nose 
shapes. In this connection the success of some method 
of modeling the entry whip appears very important 
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as smaller models rather than full-scale tests might be 
used. The most important unsolved theoretical prob¬ 
lem in water entry is a theoretically sound determin¬ 
ation of this lift coefficient. At the present stage of 
the development of the theory, the great analytical 
difficulties that arise in a determination of the nose- 
lift coefficient make it appear that a semi-theoretical 
experimental approach will be more profitable. 

Thus future research in water entry should attempt 
to obtain nose-lift coefficients for various shaped 
noses and the dependence of the nose lift on the entry 
conditions. 


MOTION IN THE CAVITY WITH 
THE NOSE IN CONTACT 
WITH WATER 


The time duration of the stage of the motion which 
begins when the flow separates from the top of the 
nose and ends when the tail strikes the side of the 
cavity will depend on the shape and size of the cavity, 
on the orientation of the torpedo at the end of the 
flow-forming stage, on the head shape of the torpedo, 
and on various other physical characteristics. 

In this part we shall discuss first what happens to 
the water during this stage of entry and then con¬ 
sider the forces acting on the nose of the torpedo. The 
determination of the behavior of the water and of the 
forces on the nose requires some knowledge of the 
pressure distribution about the nose. Finally, the 
trajectory and behavior of the torpedo in this stage 
will be discussed, with some mention of the damage 
sustained. 


Flowand Pressure 

Distribution about the 
Nose of the Torpedo 


Remarks ox Flow Separation 


exist in this stage, the integral of Bernoulli’s equa¬ 
tion for an incompressible nonviscous fluid is 


As has been mentioned, the flow separates from all 
sides of the nose of the torpedo, and in this stage ot 
the motion the torpedo navels in a. cav ixy . Tho tvtAei 
will remain in contact with the nose from the tip 

l » 1 .. _ i.1. _ A„J.^1 . >■ of t Is n ii*n + or nn 

arounci 10 wsiure cue tutai 0.1 

the nose falls to zero because ot the velocity, ob¬ 
viously, if the pressure falls below zero there will be 
no force to keep the water in contact with the nose. 

In order to formulate this condition more quanti¬ 
tatively, we must consider the pressure acting on the 
II,J% For the Quasi-stationary flow conditions which 


P = pgh + Pa + -j-pl 2 


where P is the pressure at any point on the nose, v is 
the velocity of the fluid relative to the torpedo at 
this point, and pgh is the gravitational static head. 
P a is the external pressure on the fluid; it is atmos¬ 
pheric pressure for all full-scale launchings, while for 
some model experiments in pressure tanks it may be 
controlled and differ from atmospheric pressure. V is 
the velocity of the torpedo relative to fluid at rest. 

The flow will separate from the nose if P = Pc, 
where P, is the pressure in the cavity. In this stage of 
(he motion, P, is probably very close to the external 
pressure Po since the cavity is open to the outside. 
However, it may be somewhat less than the external 
pressure in the neighborhood of the torpedo nose 
since the air may be circulating in the cavity. 

When P = P,, equation (12) may be written in 
the form 

v- , , pgh 4- Po — Pc /, o\ 


= l + 


The quantity 


pgh + P tt 


is defined as the cavitation parameter (also called 
cavitation number and cavitation index). 

In the expression for K, the numerator consists of 
pressures which tend to prevent a cavity and to keep 
the flow in contact with the nose, while the denomi¬ 
nator may he regarded as the pressure which tends to 
open a cm it_\ . 

Except for a possible circulation of air which may 
be due to air rushing in after the torpedo at entry, 
P, = P a , and, when the torpedo is still at the surface, 
h = () so that K = 0. As the depth increases, assum¬ 
ing P, = Po, K increases. In general, even when the 
cavity is open to the at mosphere K > 0, but not very 

m MM? 4* wwUioU liv uurtliiig «44i rri - 

priate numerical values. For example, in Figure 23 for 
the Mark 13 torpedo with 0 C = 20 ° and V, = 500 ft 
per sec, Jv is plotted against distance tdulig tin tt& 
jeetorv for the cases of P c = Pa and P, = 0 . 


Pressure Distribution about the Nose 

The flow will separate w'hen P = P c or when the 
excess of the hydrodynamic pressure over the exter- 
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nal pressure around the nose of the torpedo is zero. 
In order to determine at what point on the nose this 
will oeeur, it is generally necessary to know the pres¬ 
sure distribution around it. A knowledge of the pres¬ 
sure distribution about the nose of the torpedo is 



Figure 23. Mark 13 torpedo cavitation parameter 
versus distance from entry (before tail slap). 


generally necessary, not only to determine where the 
flow will break away from the nose, but also to know 
the forces and moments acting on the torpedo during 
this stage of the motion 

The problem is quite complicated for, by class','*:1 
hydrodynamic theory, even the steady-state equa¬ 
tions of motion predicting a cavity lead to nonlinear, 
integro-differential equations that are exceedingly 
difficult to handle. Most attempts at obtaining the 
pressure distribution about the nose of the torpedo, 
the shape of the cavity, the drag force, etc., deal with 
a closed cavity, which is usually the flow about a 
larger body than the one under consideration, and 
knowingly neglect the fact that the cavity is closed 
at the rear. They then regard the pressures and the 
flow as of importance only up to the point where the 


flow breaks away. In addition, these attempts con¬ 
sider only steady state phenomena. Some of these 
attempts will be briefly discussed: 

Potential Flow Method. One general attempt origi¬ 
nated by Shaw 3 has been based on the assumption 
that the pressure distribution about the nose of the 
torpedo in a cavity is the same as the pressure dis¬ 
tribution with potential hydrodynamic flow about 
the entire torpedo when moving in a steady state 
through the water without a cavity. The flow and 
pressure distribution around the nose of the torpedo 
are assumed to be unaltered by the cavity as long as 
the pressure is positive. Then the point where the flow 
breaks away is easily calculated for we know P in 
equation (12) and the point on the nose where 
p = p c . By integrating the pressure over the nose of 
the torpedo up to the point where the flow breaks 
away, we obtain the drag and lift forces and mo¬ 
ments. 

Originally this was an ad hoc assumption. How¬ 
ever, now there appears some experimental justifica¬ 
tion of it. The pressure distribution over various 
shaped noses fitted on a cylinder has been obtained 
in a water tunnel for various values of the cavitation 
parameter K , although it was practically impossible 
to lower K below the value of 0.20. However, since 
a series of pressure distributions are given for values 
K > 0.20, it appears possible to determine the de¬ 
pendence of the pressure distribution on K. Figure 24 
is an example of such a pressure distribution. It is 
clear from the results of this work that, except for the 
finer conical noses, the pressure distribution in the re¬ 
gion where P > 0 is practically unaltered by changing 
the value of K. In addition, from all the results it is 
clear that, assuming a linear extrapolation to K — 0, 
the point of zero pressure on the torpedo head can be 
located and the flow will break away at that point. 
These two observations both seem to justify the 
method of using the potential flow (K —► 00 ) about 
the nose of the torpedo without a cavity to obtain the 
pressure distribution with a cavity (K —► 0). 

Of course, a cavity may exist for values of K con¬ 
siderably greater than zero. At the surface K —*■ 0, 
but as the torpedo goes deeper K increases, and the 

--""''CCn,nn oprrocnnn d 1 n 0*1 V\ 

piTOotuv; v/iiaii^vo -ov • 

As an example of an analytical use of this method 
we shall apply it to a sphere. We find from hydro- 
dynamic theory that the pressure distribution about 
a sphere in steady flow is 

p = p gh + Po + |pF 2 - I P V 2 sin 2 y , (14) 
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Figure 25. Effect of cavitation upon the pressure distribution around a cylindrical body with 45° conical head. 


Therefore, from (15) 

C D = f (1 + KY . (16) 

This Potential Flow Method permits the calcula¬ 
tion of pressure distribution, point of now separa¬ 
tion, drag, lift, and moment on any head if the pres¬ 
sure distribution from potential hydrodynamic flow 
is known. The latter may be obtained by calculation 
for simple shapes, as has been illustrated for a sphere. 
However, the essence of usefulness and simplicity of 
the method is that the pressure distribution may 


always be obtained by wind or water tunnel measure¬ 
ments of the pressure distribution about a noncavi- 
tating projectile. 

In general, this method is applicable to all shaped 
noses at arbitrary pitch or yaw angles as long as the 
flow does not reform at some point further aft. 
Clearly, if a torpedo head is at pitch or yaw angle, 
there will be a drag and lift force acting on the head 
and a moment about the tip of the head. If one ob¬ 
tains the pressure distribution from a wind or water 
tunnel, a numerical integration will give the desired 
coefficients. In some cases, such as fine cone heads, 
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the distribution of positive pressure appears to 
change with K as shown in Figure 25. In such cases 
either the distribution must be extrapolated toward 
K = 0 before integration or the hydrodynamic coeffi¬ 
cients extrapolated toward K = 0 The latter appears 
the easier method. 

Approximate Method for a Sphere. There is perhaps 
only one result, obtained by G I. Taylor, in which a 
cavity is predicted by potential hydrodynamic theory 
(for a nondecelcrating body). In this result the flow 
about a paraboloid, which would have an infinite 
drag, is combined with a flow about the body with zero 
drag to produce the flow about a body which ap¬ 
proximates a sr.li'Ti with drag r. in* 0y 

The method is essentially that of combining a series 
of infinite line sources with a steady stream. By this 
method the approximate cavity flow about a sphere 
is obtained, but has not been obtained for other 
shaped noses. 

Source in Infinite Stream. The cavity flow about a 
D pherc has been approximated (in reference 9) by a 
point source in an infinite stream. Here again, the 
drag is obtained by integrating the pressures up to 
the point where the pressure falls to zero. By this 
method the pressure is given by 


P = P» + pgh 4 - I-pV* 


26 2 r 2 cosi? — h 4 


(17) 


where b — ■§• X radius of a sphere, r is the distance from 
the point source to the point at which the pressure is 
being measured, and v is the azimuthal angle meas¬ 
ured from the direction of motion with the origin at 
the point source. By a very similar method to that 
employed for potential flow one may easily calculate 
the point of separation and the drag coefficient. 

Semiempirical Method. Recently a semicmpirical 
attempt at calculating the pressure distribution was 
made. In this method a form of the pressure distribu¬ 
tion is assumed with constants which are adjusted to 
produce agreement with experiment. In this attempt 
it is assumed that for K = 0: 

—— = h sin Ih I 1. — ft sm® (di = d) T, (lb) 

£pF® I- J 

where B — a constant independent of head shape, 

P = angle between direction of motion of the 
torpedo and the tangent to the torpedo 
nose at the point under consideration, 

^ — ff,% L «1 the nose of the torj edo 

(/J, = 90° for a sphere), 


b — constant for a particular head shape, de¬ 
pending on the angle at which the flow 
separates from the head. 

Probably numerous other expressions could be 
written which, with the substitution of suitable de¬ 
termined constants, would give adequate approxima¬ 
tions to the pressure distribution. In each case, how¬ 
ever, such expressions must be verified by comparison 
with some other method so that it is ultimately useful 
only if it is especially convenient for integration. 

A Variational Method. V»lie result has been ob¬ 
tained for the flow about a sphere in a closed cavity. 
Vi, i, i a •* / a '!■ " 1 !.i l and a series of sources, a flow 
is set up, and then, by means of a variational method, 
the cavity is shaped so that the boundary condition 
(namely, that the pressure on the free streamline is 
the same as at the point of separation) is satisfied. 
By this method the separation point is chosen ini¬ 
tially, and a corresponding value of K results. Thus 
far, not many results have been obtained as the 
method is quite lengthy. In addition, it has been ap¬ 
plied only to the case of a sphere. 

Noses with Discontinuities. Some separate con¬ 
sideration must be given to noses with discontinui¬ 
ties. By a discontinuity is meant a sudden change in 
slope (such as a cone on a cylinder) at some point of 
pressure on the head so that, if the water is to re¬ 
main in contact with the torpedo, it must flow around 
a corner. The determination of the point of flow 
separation for these heads does not require a knowl¬ 
edge of the pressure distribution. 

From hydrodynamic theory it may be proved that 
at such a discontinuity the velocity of the water 
relative to the nose of the torpedo becomes infinite 
(limited only by viscosity), and hence the pressure 
becomes negatively infinite; that is, infinite suction 
of the water is required to cause it to flow around a 
discontinuity without leaving the surface about 
which it is flowing. 

Of all these suggested methods of estimating the 
pressure distribution, the only one that appears 
really useful is the potential flow method. This is 
really a method for interpreting pressure-distribu- 
W oomii.omnn+ci +v»u f Mu mgHc u’ider noncavi- 

tating conditions in terms of the pressures that exist 
in a cavity. In the last analysis its justification is 
empirical, and it is not really a theoretical method. 

Point of Flow Separation 

As has been indicated above, the point of flow 
separation is just one aspect of the pressure distribu- 
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tion and can be seen when the pressure distribution 
is known. For a hemisphere the potential flow method 
gives separation at 17 = 42', and water tunnel meas¬ 
urements give 45°. The other methods that seem to 
have less satisfactory foundations suggest values be¬ 
tween 55° and 75°. The exact point of zero pressure 
may be varied considerably without affecting the 
integrated forces and moments appreciably. 

The point of separation for ogives and spherogives 
can be determined by water or wind tunnel measure- 


1 



Figure 26. Flow separation on 1-in. model of the 
Steel Dummy with a conical n< >se smoothly joined to the 
torpedo. Notice that the nose appeal's to be the only 
pert utlhc mode 1 mntwt with tb<- water. 

ments. If the spherical nose of a spherogive has an 
angle greiftvT than 45°, th n 'WJ prAiViU' 

occur on it and be entirely independent of the ogive 
that follows. 

In the case of cone heads the flow will break away 
at the shoulder of the cone. This is illustrated in 
Figure 26. Similarly for flat heads, kopfrings, and 
truncated cones the flow will break away at the dis¬ 
continuity. 

Kinematic Theory of Cavity Shape 

As long as only the nose of the torpedo is in contact 
with the water, the behavior of the rest of the cavity 
is of little importance. However, the torpedo soon 
falls over so as to be in contact with the cavity wall, 
and it is important to know something about the 
cavity size and shape to tell how far the torpedo will 


fall. In undertaking a theory based on the laws of 
hydrodynamics, very great difficulties are encoun¬ 
tered and iiv, significant progress Iwis h*eu nanie, The 
best that can be done is an empirical description 
based on an observation by Blackwell 6 that the diam¬ 
eter of the cavity at any point can be described as a 
parabolic function of the time. 

The observations upon which the description is 
based were made on the cavities due to spheres 
dropped vertically into water. It was observed that 
the water started to move radially with a velocity 
proportional to the velocity with which the sphere 
passed the point in question. Hence there may be 
defined a coefficient X such that 

I niti al radial velocity of the cavity _ 

_ Velocity with which the torpedo nose passed 
this point 

The second observation was that the radial velocity 
of the cavity wall decreased with a deceleration pro¬ 
portional to the depth. 

To apply this kind of description to a torpedo entry 
cavity it is necessary to neglect many things, some of 
which may be important. Gravity is neglected, and 
the torpedo is considered to follow a straight path at 
an angle 6 e with the horizontal. Furthermore, the 
effect of the water surface is neglected, and the cavity 
is regarded as a surface of revolution about the axis. 
Any effect due to air pressure inside the cavity is also 
ignored. 

The axis of x is taken along the axis of the cavity 
with the origin at. ! be m>rf aof the water. T. he radius 
of the cavity y is then regarded as a function of .r 
and of the time. If t(x) is the time measured from the 
'If •' « ^ia*-afion radius of the head. r„ 

passes the point x, the above assumptions give 

y(x, t) = r, + '\V(x)t(x) — • (19) 

&Y 8 

With the r, in the denominator, the constant quan¬ 
tity n can be expected to be independent of the scale 
of the cavity if the Froude law holds. 

Since the torpedo moves with a deceleration pro¬ 
portional to the square of the velocity, 

F(a-) = V„e~ kz , 

t{x) = 1 ~ lv} ekI ~ x) ’ 
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with k = CopA/2M. Here t is measured from the time 
of impact, but the expressions are valid only for such 
t and x that t(x ) > 0. 

As a result, the radius of the cavity at the time t 
after impact and at a distance x along the path is 

y(x, t) = r. + XF c e-‘ x l — (e kx — 1) 

_ A/1 e —• 


fix sin 6 r 
2 r, L 


— (<** 
kV' 



( 20 ) 


The two constants X and p must be experimentally 
determined. X appears to be about 0.15 for a hemi¬ 
spherical nose. This means that the initial cone angle 
is considerably less than would be indicated by the 
angle of flow separation on the sphere, ilus <s asso¬ 
ciated with the fact that the empirieal description of 
the eavity covers only its major features and not all 
details. For blunter or sharper noses it is expeeted 
that X will be correspondingly greater or less than 
0.15. 

There is some indication that p is about 8 ft per 
see per see although this is only very erudely known. 

Later on we shall want to know the eavity width 
at a given value of x at a time sueh that the tail of 
the torpedo reaches the point x. Let us say we want 
g () at a tilnC i uhetl it point 5 feet aft of 11A TiOSc 
reaches the point x under consideration. From equa¬ 
tion (20) it is clear that we are interested in y{x, t) for 
t = (1/kVe) (e k(x+b) - 1). 


Hence 

y(x) = r 3 = y (e kb - 1) - 

n! 


pt sir. »,- 2kx (t kl ' 


2lc-V.h\ 


■ (21) 


It is clear from this expression that the cavity 
width at a point on the torpedo b feet aft of the nose 
(near the tail of the torpedo) will deerease with (1) 
increasing distance along the trajectory, (2) deereas¬ 
ing entry velocity, (3) increasing trajectory angle at 
entry. 


determine the torpedo motion. J ne resultant force 
can be resolved into a drag force that acts along the 
trajectory and a lift force that acts perpendicular to 
it. The effective point of application can be specified 
by giving the moment of the force about the tip of 
tiie iio.-.f. l'bese forces and tin* 1 i 1 >ii rvl it er.c. be ufr 
seribed in terms of coefficients Cd, Cl, and Cm since 
it is assumed that all forees are proportional to the 
velocity squared. 

Hemisyhia.K'.u. Nub* 

Most of the studies of forces have been carried out 
on spheres or hemispherical noses because of the sim¬ 
plicity introduced by the symmetry. Since the forces 
are pressure forces they act perpendicular to the 
surface and hence through the center of the sphere. 
A; a consequence oh the d+rjg low* sod il* r >- 
efficient Cd are of importance. 

Experimental Determinations. Numerous experi¬ 
mental determinations of Cd have been made for 
spheres dropped vertically into water. In sueh cases 
the observed deceleration will depend on the density 
of the sphere sinee mueh of the momentum that is 
destroyed will reside in the water itself. One way in 
which to formulate the results is to assume an effec¬ 
tive mass of water that partakes of the motion of the 
sphere. The equation of motion is then written 

(.M + M') d - = -C° D -A V 2 . (22) 

dt 2 


If now the forces on the sphere alone are con¬ 
sidered, one has 


where 



4 V 2 
‘ A r ) 


C D = 


M 


M + M' 


(23) 

(24) 


Sinee M is proportional to the density of the sphere 
and M' to the density of the water, this relationship 
may be written 


6.3.2 Forces ancl Moments Acting on the 
Torpedo Nose 

In the previous section, various methods of esti¬ 
mating the pressure distribution about the nose oi 
the torpedo were mentioned. Since, during this stage 
of the motion, only the nose is in contact with the 
water, a knowledge of this pressure distribution will 
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where a is the density of the sphere and c is a pro¬ 
portionality constant. 

The assumptions involved in equation (25) are 
largely gratuitous and can be justified only m case 
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the observations lead to a value of C°d that is inde¬ 
pendent of density. The evidence on this point is not 
entirely conclusive. Values between C°d = 0.26 and 
0.37 appear to have been obtained. 

For a torpedo with a hemispherical nose the pro¬ 
portionality constant c will be very small, and the 
observed value of Cd should be close to C°i>. The 
extensive set of measurements at the CIT-TLR give 
Cd = 0.28 when the area used in the expression is the 
projected area of the sphere and is not the maximum 
cross section of the torpedo. 

Theoretical Estimations. The value of the drag co- 
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CAVITATION PARAMETER K 

Figure 27. Drag coefficient versus cavitation param¬ 
eter for spherical nose. 


efficient based on the Potential Flow Method has 
been shown to be § (1 + A') 2 . This coefficient has also 
been obtained by integrating the observed pressure 
distribution. The results obtained by these two 
methods are similar but differ by a constant factor. 


A 

1(1 + A') 2 

Integrated pressure 

0.0 

0.22 

0.24 

0.1 

0.27 

0.29 

0 2 

0.32 

0.35 

0.3 

0.38 

0.41 


Figure 27 illustrates some values of the drag co¬ 
efficient as a function of cavitation parameter. One 
curve represents the results of numerically integrat¬ 
ing the pressure distributions in Figure 24 for the 


accessible values of K and then extrapolating to 
K = 0. Another represents similar integrations car¬ 
ried out in the report by Shaw. 3 The third represents 
the theoretical coefficient based on potential flow, 
and the fourth represents some observed values. 

The drop-off in the observed values as K increases 
is due to the reforming of the flow on the afterpart of 
the body. Taking this into account, the agreement 
with the theory is reasonably good. The difficulty in 



Figure 28. Nose-drag coefficients versus ogive radius 
in calibers obtained by numerically integrated potential 
flow pressure distributions in region where P/! 3 pF 2 + 

A > 0. 

associating these values with those observed for tor¬ 
pedoes is partly due to a lack of knowledge of the 
proper value of K to use for the torpedo launchings. 

Other Shaped Noses 

Figure 28 gives some values of the drag coefficient 
C D based on observed pressure distribution over ogive 
heads. There are no suitable experimental observa¬ 
tions with which to compare these results. Similarly, 
by integration of the pressure distributions the other 
coefficients can be obtained: 

It is frequently desirable to treat the forces parallel 


and perpendicular to the torpedo axis rather than 
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parallel and perpendicular to the trajeetory. These 
will be designated as CV and CV. Some values of 
these coefficients are given in the following table for 
a 1.4 caliber ogive. 


1.4 Caliber Ogive 


K 

0 

0.05 

a = 

0° 

0.10 

0.20 

C D ' 

0.120 

0.145 

a = 

6° 

0.169 

0.226 

cv 

0.120 

0.141 


0.164 

0 218 

Cl 

0.046 

0.053 


0.061 

0.079 

-Cm' 

0.038 

0.046 

a — 

15° 

0.056 

0.080 

CV 

0.117 

0.135 


0.156 

0.203 

C L ' 

0.113 

0.131 


0.150 

0.195 

-Cm’ 

0.102 

0.124 


0.146 

0.210 


Thus it appears that for K = 0 

CV =0.119, 

C L '/a = 0.0076 , 

— Cm'/ a = 0.0065 (destabilizing) . 

Other values may easily be obtained from the table. 

For a flat nose, experiments on 1-in. models seem 
to indicate C D = 0.77. Various other values have 
been obtained by experiment, all of them being 
within about 20 per cent of this value and scattering 
about it. 

By integration of observed pressures C D — 0.72, 
which is in very close agreement with experimental 
results. Cl has not been calculated. 

It appears that the force coefficients can be esti¬ 
mated with fair accuracy from the measurement of 
pressure distributions in the cavitating state in water 
tunnels or with slightly less certainty from similar 
measurements in the noncavitating state or in wind 
tunnels. It is then possible to predict the motion of a 
body from measurements that can be made on such 
models. 

6.3.3 Motion of the Torpedo during 

This Stage 

The object of the study of the forces on the nose of 
the torpedo when in the cavity and of the changes in 
size and shape of the cavity itself is to describe the 
motion of the torpedo during this stage. 

After the flow-forming stage the axis of the torpedo 
possesses a whip (angular velocity in the vertical 
plane) given by 


A (la) _ _j_ a 2 ( 0 e ) ae ( (26) 

V e 

where a e is the pitch angle at entry, ax and a 2 are 
experimentally determined functions that depend on 
the nose shape and area, ai and a 2 probably have 
similar dependence on the trajectory angle at entry 9, 
in some manner which is not completely known. 
There are indications that they may vary as cot 9 e . In 
the horizontal plane the angular velocity of the axis 
of the torpedo is 


a m 
v e 


= «3>/v , 


(27) 


where is the yaw angle at entry. Probably a 3 = a 2 . 
It was pointed out that at the end of the flow-forming 
stage a differs from a c and tp differs from \p e , but the 
difference is usually not large. It is less than about 
0.2° for the Mark 13 torpedo. 

From these relations it is clear that, as long as the 
center of pressure of the nose forces lies forward oi 
the center of gravity of the torpedo, the more nose- 
down the pitch angle is at entry, the smaller the 
whip; *hat is, the torpedo tends to “stub its toe.” 
With a nose-down pitch at entry the drag force on 
the nose usually produces a moment about the center 
of gravity of the torpedo which tends to make the 
torpedo rotate tail-up or nose-down, while with a 
nose-up pitch the moment of the drag forces is in 
the opposite direction, thus tending to make the tor¬ 
pedo rotate tail-down and nose-up. It is therefore 
clear that for a nose-up pitch, due to the large nose- 
up whip and the drag moment, the torpedo rotates 
tail-down and the tail soon strikes the bottom w all of 
the cavity; while for a large enough nose-down pitch, 
the nose-up whip is small and the drag forces will 
produce a moment which will cause the torpedo tail 
to strike the top of the cavity wall. For some inter¬ 
mediate Value of a this reversal occurs. One of the 
results of the subsequent calculations is the magni¬ 
tude of the pitch angle a c separating these two types 
of motion. 

In the horizontal plane it is clear that, for a fine 
nose, a nose-right yaw will produce a nose-right 
angular velocity and a drag moment pushing the 
tail left, or nose right, thus insuring that the torpedo 
tends to rotate to the left wall of the cavity. 

The behaviors in the vertical plane and in the hori¬ 
zontal plane are generally quite different for noses in 
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which the center of curvature of the nose is aft of the 
center of gravity. In this case the quantities a i, o 2 , 
and a 3 are negative with a resulting angular velocity 
in the opposite direction to the usual case, that is, we 
get a stabilizing moment for this type of a nose as 
opposed to a destabilizing moment for the finer noses. 

From Figure 29 we see the forees acting on the tor¬ 
pedo and may readily write down the equations of 
motion. Gravity is neglected since this force is quite 



Figure 29. Forces and moments acting on torpedo 
(nose) before tail slap. To obtain forces and moments 
multiply coefficients by (p/2)A V*. 


negligible compared to the other forces involved. In 
addition, in so far as the moment of the lift force 
about the nose is large compared to the moment of 
the drag force at the nose, the ratio — CV/2CV gives 
the fraction of a diameter of the nose by which the 
lift force lies aft of the tip of the nose. Hence we 
know h, the distance from the point of application 
of the lift force to the center of gravity. In the follow¬ 
ing analysis we shall consider the drag moment about 
the axis described by the moment coefficient (. 
The equations of motion for sin a = a, cos a — 1 are, 
along the trajectory, 


where h is the distance from the center of pressure 
of the lift forces to the center of gravity. 

Similar equations hold in the horizontal plane: 

C L ' and CV are linear functions of o- for small 
angles, and it is to be remembered that the effective 
pitch angle is 



Then 

Cl = C'l [<*-£(6 -*)], 

Cm' = C m ' [« - | (a - 0)] • 

It was found in earlier sections that for almost all 
noses CV is constant, practically independent of a 
and \p. Hence Cl a in equation (28) is of second order 
in a and is certainly negligible compared with CV- 
The equations of motion then become 


dV 

dt 


P-1 

2 M 


C D 'V\ 


(31) 


(32) 


a — ~(a - 6) J 
+ Cz/e cos V 2 . (33) 


a - 9 = BA / (l.C'l - Cm'r.) 

2 1 l 


Since d/dl = V(d/ds) where s is the distance along 
the trajectory, these equations car be combined to 
give 

a" + 2 Got’ -Ba = Q, (34) 


M — =- - P -«V + CY<*)AF 2 ; 
dt 2 


(28) where the primes indicate differentiation with respect 
to s and 


perpendicular to the trajectory in the vertical plane, 2G = ^ C/ ^1 + - CJr. jh~ 2( V J » 


MV-= ——{Cl' — Cd'oi)AV* ; 


rotation about CG in the vertical plane, 

7(a - S) = ^-Cl'IiAV 2 - Cm 1 ~r,AV* 

2 ^ 


(29) 


is = 


pA( 


21 




i\f i i pA r< n \ 

A 2 M"" v 


+ 




and 


+ p CVecos<MF 2 ; (30) Q = ^ CV e cos <t> (l + ^ C,'l^ ■ 

CONFIDENTIAL 



78 


WATER ENTRY 


For many purposes the roll angle <t> may be treated 
as a constant in the study of pitching and yawing and 
the solution of (34) with Q a constant can be easily 
written down. If a 0 and a/-arc the values of a and a' 
respectively when s = 0, 

“ = 2i[ (F + G) (“ 0_ l) + “ 0 '] C<F ’ G>S 

+ — [iF - G) ( m - - <*,'] + % (35) 

2FL \ Bl -1 h 


where F = ((?- + B) l ‘ > G. The initial pitch angle, 
ao, is the pitch angle with which the torpedo strikes 
the water plus a small correction for the refraction of 
the trajectory at impact. The initial rate of change, 
a,,', is connected with the pitching angular velocity 
by aa = 6ta ‘ V,. <4o is essentially the angular velocity 
of the whip. 

Since F > G, and in fact for the Mark 13 torpedo 
F>>G, the first exponential in equation (35) is in¬ 
creasing and the second is decreasing. Hence after a 
sufficient distance the sign of a is governed by the 
sign of [ (F + G) (a 0 - Q/B) + a„’]. If this quantity 
is positive the torpedo will swing to the bottom of the 
cavity. If it is negative the swing will be to the top of 
the cavity. 

In the limiting case, in which [ (F -f- G) (a 0 — Q/B) 
+ a ,/1 = 0, the final value of a is Q/B. The pitch 
angle for which this occurs is called the critical pitch 
angle and satisfies the relationship 


Since 


a, = 


««' , Q 

r + a + 7>' 


oto 


rti(0) + ai(9)a c 

/ 


(30) 


this reduces to 


-a,(0)+(f) I(F + G) 
a c ---- . (37) 

a,(0) + J{F + G) 

This critical pitch is of great importance because it 
represents the dividing l’"i hot ween those launchings 
in which the torpedo swings to the bottom of the 
cavity and makes only a shallow dive and those in 
<U . to the top and ma'- dive 

very deep. 

A similar analysis can be made of the yawing mo¬ 


tion, but because of the symmetry of the situation 
the critical yaw angle is zero. 

Motion in the Vertical Plane 

At this point we may understand the reason for the 
great emphasis placed on the value of the whip at 
entry in the last part. From equation (36) it is clear 
that the greater the whip at entry the more nose- 
down the critical pitch, and hence the greater the 
nose-up whip at entry the smaller the chance that 
the torpedo vvdl iioe to the top of the cavity and, a- 
we shall see later, dive deeply. Thus it is the whip at 
entry, which is obtained from 9 C and a e , that deter¬ 
mines how large a nose-down pitch angle can be per¬ 
mitted for finer heads before the torpedo goes to the 
top of the cavity. It should be carefully noted that 
both in the vertical plane and in the horizontal plane 
a,, as well as a 0 and af in equation (36) are all inde¬ 
pendent of the entry velocity V/. Thus the behavior of 
the torpedo and the trajectory of the torpedo during this 
phase of the motion is practically independent of the 
entry velocity V e . 

For noses whose center of curvature lies aft of the 
center of gravity (such as flat noses), ai < 0 and 
a, < 0 so that a critical pitch angle exists. This is 
generally nose-up since [ a 2 (&) + I(F + (7)] is usually 
positive. Hence it appears that for a flat nose a r will 
be positive, that is, even for a small nose-up pitch, 
the torpedo will go to the top of the cavity. This is 
just the reverse of what will happen with, let us say, a 
hemispherical nose. 

The critical pitch angle a, depends on 9.. through 
the dependence of ai in equation (26) on 9 e . As has 
already been indicated this dependence is not known. 
There are indications that a i varies as cot 9 C . At any 
rate, for finer noses it is clear that the absolute mag¬ 
nitude of a r decreases with increasing 0 e . 

etc depends on the roll angle through the term Q/B. 
Hirnw, tb Ilk G%- 

centric height e is small. The magnitude of a c for 
different values of <t> for the Mark 13 torpedo will be 
given a little later. 

For torpedoes to be used in shallow water it is de¬ 
sirable to have a c sufficiently nose-down so that the 
torpedo will almost always swing to the bottom of the 
cavity. This is true even though the upturning tra¬ 
jectory leads to a broach for the torpedo can fre¬ 
quently withstand a broach but not an impact with 
the bottom. 

Equation (37) shows the way in which the various 
design features of the torpedo affect the critical pitch 
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angle. The head shape affects the coefficients a,(8 e ) 
and a 2 (d e ) as well as the various coefficients appearing 
in F, G, Q, and B. The effect of the moment of inertia 
is also clear. 

As illustrations of the use of these equations, let us 
consider the behavior of a Mark 13 torpedo and of the 
CIT Steel Dummy .These two bodies have the same 


Figures 32 and 33 show the yaw angle calculated in 
a similar fashion with the assumption that there is no 
initial yawing angular velocity; 

Similarly Figures 34 and 35 give the rate of change 
of pitch with distance along the trajectory and Fig¬ 
ures 36 and 37 give the corresponding rate of change 
of yaw angle. To obtain the time rate of change, these 



external shape but different values of / and M . For 
the Steel Dummy e = 0. 

Both of these bodies have hemispherical noses so 
that CY = C D = <V = 0.28 and CJ = 0. The con¬ 
stants in equation (37) are then 

Mark 13 Steel Dummy 

G = 0.00.33 G = 0.0029 

F = 0.059 F = °- 065 

II = 0.0035 0 = 0 

Figures 30 and 31 show the pitch angle a as deter¬ 
mined from equation (35) plotted against distance 
for various values of the pitch at entry cx e . In plotting 
these curves the pitching angular velocity has been 
obtained from the whip as given by equation (26). 



values must be multiplied by the corresponding ve¬ 
locity, V =V e e~ ks . 

Position of Torpedo at Tail Slap 

As the torpedo swings to one side oi the other of 
the cavity it soon comes in contact with the cavity 
wall. This is an important point in the history of the 
water entry since new forces are brought into play 
that, must be taken into account. The analysis thus 
far given is valid only up until the tail slap. 

Equation (21) gave the radius of the cavity at a 
point b feet aft of the nose as 


Vb(x) 
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with n approximately 8 ft per sec per sec and \ = U.15 
for a hemispherical nose. The condition that the tor¬ 
pedo strikes the cavity wall at a point b feet aft of 
the nose is that 

6(a 2 + ^ 2 )' 4 + r b = y b 
or 

(a 2 + ^ 2 ) 14 = , 

b 



Figure 32. Mark 13 torpedo. Yaw angle versus dis¬ 
tance from end of flow-forming stage for various yaw 
angles at entry. The curves are symmetrical about 
= 0 . 

where n is the radius of the torpedo at the point of 
contact. 

Figures 30 and 31 show also the value of a that 
satisfies this condition when b is taken as 9 ft and 
\p = 0. There is clearly a positive as well as a negative 
value of a that satisfied this condition. These cor¬ 


respond to the torpedo sti iking the bottom or the top 
of the cavity. The significance of the critical pitch 
angle is brought out very clearly in these curves. For 
a, = — 2° the Mark 13 torpedo strikes the bottom of 
the cavity at about 64 ft from impact and with a 
pitch about 7° nose-up. However, for a e = —3° the 
b/t-petl j TtfcVer strikes the toUma at all but itriku 
the top about 48 ft from the impact and with a nose- 



Figure 33. Steel Dummy. Yaw angle versus distance 
from end of flow-forming stage for various yaw angles at 
entry. The curves are symmetrical about \p, = 0. 


down pitch of about 7.5°. To these distances should 
be added some 4.5 ft as the distance the torpedo 
travels during the flow-forming stage. 

In Figures 38 and 39 the distance to tail slap is 
plotted against a e for the Mark 13 torpedo for <$>,■ = 90° 
so that the metacentric height is zero, and for the 
Steel Dummy. The solid curve is for \p e = 0 while 
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the dotted curve is for \p e = 3°. As is expected, S is 
diminished with increasing \p e . On the curve of S 
versus a e for the Steel Dummy are included points of 
observed distance to tail slap versus a e obtained at 
the CIT-TLR. These points are obtained from an 
indication on sound records when the torpedo tail 
strikes the cavity wall. Generally, at the CIT-TLR 
p, = 1° so that these points are expected to lie near 
the curve for \p e = 0 and possibly slightly below it. 


and the angle the direction of motion of the torpedo 
at tail slap makes with the vertical plane is given by 


S 2 = tan -1 



where (S) denotes the value of the quantity at tail 
slap. It is clear that Si and S 2 are small when i£, ~ 0 
and are large when a e ~ a c . 



Figure 34. Mark 13 torpedo (neglecting nietacentric 
height). Space pitching angular velocity versus dis¬ 
tance from end of flow-forming stage for various pitch 
angles at entry. 

The agreement between theory and experiment is 
quite clear and is gratifying. Besides serving as a 
verification of the theory of the torpedo motion dur¬ 
ing this stage, it also offers some corroboration ot the 
kinematic theory of cavity shape and the constants 
>. and fx w hich were used. 

The angle the plane which includes the trajectory 
and the point of tail slap makes with the vertical 
plane is given by 




Figure 35. Stool Dummy. Space pitching angular 
velocity versus distance from end of flow-forming stage 
for various pitch angles at entry. 


For the critical pitch angle at entry we find, by 
inserting the numerical values in the expression (37), 
the following magnitudes for 9 e = 20°: 

Mark 13 torpedo 

ot c = —2.67° for zero roil, 
a c = —2.31° for 90° roll, 
a c = -1.94° for 180° roll. 

Cl T Steel Dummy torpedo 
a e = -2.47°. 


[T 
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PITCH ANCLE AT ENTRY, ot,. IN DEGREES 

Figube 38. Mark 13 torpedo (neglecting mctaccntric 
height). Distance from entry to tail slap versus pitch 
angle at entry. 
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PITCH ANCLE AT ENTRY, <t,. IN DECREES 

Figure 39. Steel Dummy. Distance from entry to 
tail slap versus pitch angle at entry. Points are obser¬ 
vations of this distance from sound records at CIT- 
TLR. 
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These results appear to be in agreement with ob¬ 
servations at the CIT-TLR. The question of the de¬ 
pendence of cc c on 9^ is quite important and awaits 
the knowledge of the dependence of entry whip (or 



20 25 

e E IN DEGREES 


Figure 40. Mark 13 torpedo (neglecting metacentric 
height). Possible relation between critical pitch angle 
and trajectory angle at entry 6,. It is essentially as¬ 
sumed that a c — (—oi cot 9 e )/[I(F ■{- (?) -)- 02 ( 20 °)]. 



based on the fact that a marked sensitivity of whip to 
pitch should be observed for 0 e = 90°. Hence, as a 
crude approximation, if the indications are correct 
that ai °c cot 9 e , a c will vary with 9 e in a manner illus¬ 
trated in Figure 40 for the Mark 13 torpedo neglect¬ 
ing the metacentric height ( 4> = 90°) and as in Figure 
41 for the Steel Dummy. 

At the CIT-TLR a recorder is sometimes inserted 
in the torpedo which records the angle the axis of the 

TIME FROM ENTRY IN SECONDS 


mm 


IRB 



Figure 41. Steel Dummy. Possible relation between 
critical pitch angle a c and trajectory angle at entry 
0«. It is essentially assumed that a- — (— <n cot 
i/(F + G) + « 2 (20°) j. 

ao') on 9„. It was pointed out in Section 6.2 that there 
are indications that oq cot 9 C and a 2 « constant + cot 
0,. In the quantity a 2 , the coefficient of cot 9,_ is prob¬ 
ably small, and we might expect that the constant 
term is very much larger than the cot 9 C term. This is 




ANGLE OF AXIS AT ENTRY*25.8*D0WN 
PITCH ANGLE AT ENTRY * 4.8* NOSE 

DOWrf 

ENTRY VELOCITY « 323 FPS 


Figure 42. Illustration of torpedo, entering with 
large nose-down pitch angle, going to top of cavity. 
Angle of torpedo axis with horizontal versus time from 
entry for dummy. 

torpedo makes with the horizontal. This instrument, 
known as the gyroscopic orientation recorder [GOR], 
wiii be mentioned further a little later. One record 
was obtained showing clearly a Steel Dummy going 
to the top of the cavity for the very steep pitch angle 
of a c = - 4.8°. This record is illustrated in Figure 42. 
The axis orientation angle increases steadily from its 
entry value of 25.8 in distinction to the case of a tor¬ 
pedo going to the bottom of the cavity for which this 
angle decreases. 

Dependence on Entry Velocity' 

It should be emphasized that the motion of the tor¬ 
pedo expressed in terms of the distance along the tra¬ 
jectory is independent of the entry velocity. The 
critical pitch angle, the point of tail slap, and the atti- 


CONFIRENTIAL 









84 


WATER ENTRY 


tude of the torpedo at various points does not depend 
on whether it enters at 200 ft per sec or 600 ft per see. 
This assumes, of eourse, that it is moving fast enough 
that an open cavity exists and is due to the assump¬ 
tion of forces proportional to the (velocity) 2 . 

The avc,i!able. ./rider, eu st Ait* tu uMt "Id* <*»- 
elusion. 

Torpedo Damage 

Although it is not difficult to huild a torpedo shell 
strong enough to withstand the drag foree on the 
torpedo, the forces brought in to plaj. at tail slap may 
crush the afterbody and fins. These forces increase 
with increasing angular velocity, and, as is shown in 
1 iguits 34 an i 35, the JHiguhrf verity h * with 

increasing departures from the critical pitch angle 
and with the velocity. Henee the importance of a 
clean entry for preventing damage. 

Even though the shell may not be damaged by the 
drag forces, the sustained acceleration due to them 
may amount to a hundred times the acceleration of 
gravity and presents a vital problem in the design of 
the internal torpedo meehanism. 

6.3.4 Further Research 


the torpedo continues to slow down in a eurved path 
until it is moving in a noneavitating state. 

We shall first consider the behavior of the eavity 
and its closure by the method outlined it. Section 
6.3.1. We shall then investigate the equations of mo- 
l.iufi <J the torpedo during that stage and examine 
what is known about the forees necessary to describe 
the behavior of the eavity and the motion of the tor¬ 
pedo. Subsequently, the dissolution of the cavity will 
be treated. 

6.4.1 Cavity SI tape and Closure 

Deep Closure 

In Section 6.3.1 a semiempirical approach to the 
cavity shape was developed. From equation (20) 

y(x £S,t)=r. + \V e e~ kl [f - (e~ kx ~ *)] 

_ iix 1~ t —L (fl *.-oT (38) 

2., L kV e V J 

for 


Further research and experiment on this stage of 
the motion should probably deal with (J) Cavity 
Shape and (2) Nose Forees. 

In the direction of cavity shape a theoretical 
hydrodynamic theory is most lacking. Ho\ve\ er, 
since very great difficulties appear, perhaps more 
work on the kinematic theory is warranted. 1 his im¬ 
plies a tabulation of the quantity X as obtained by 
experiment for various nose shapes and further 
measurements to determine the quantity p. 

In order to obtain a better knowledge of the nose 
forces, the drag, lift, and moment coefficients for 
various shaped noses must be determined. In this 
direction further experiment is highly desirable. Also, 
some general semi-analytical method should be de¬ 
veloped and checked. The Potential Flow Method 
seems, at present, most likely to be useful, but its 
results must be checked. 

6.4 motion of the torpedo in 

A CAVITY AND WHILE 
CAVITATING 

When the tail of the torpedo strikes the wall of the 
cavity, additional forces come into play in determin¬ 
ing ihe motion. Ln Afcf the inflsefiefc J tkfew 


where k = C D (pA /2 M). The value of C D depends on 
the nose shape of the torpedo. During the present stage 
of the motion, since both the tail and the nose are in 
contaet with the water, obviously C D will be larger 
than the value for the nose alone, and k will be cor¬ 
respondingly larger. 

One might expect that the proper way to treat the 
torpedo motion in the cavity would be to handle sep¬ 
arately the situations before and after tail slap. In 
the present state of knowledge, this results in a fairly 
complicated procedure that is of doubtful value in 
view of the uncertainties in the constants that must 
be used. It seems more practical to use an estimated 
mean value of k rnat may be called k and to treat the 
motion before and after tail slap as a unit. 

The type of mean k must be adjusted to the ob¬ 
served facts of tVie situation. Fur high speed rockets 
most of the underwater trajectory may be after tail 
slap. For torpedoes of the Mark 13 type, possibly the 

i -1 c 4-1. _ .,4 —foil dor* will t.wir>(p 

ieilgui Ol W1C LiajCCTAJlj au/oi -- 

that before. The average used must take into account 
these facts. It is clear that, as the torpedo travels 
along its trajectory, the cavity width (2 y) for a given 
x eventually decreases until the cavity walls come 
together. We wish to determine at what time this 
( 4 'rlirs and where the toroedo is at this instant. This 
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phenomenon, which we will call deep closure, can be T c and X. are plotted! against G in Figures^ and 44 
seen clearly in photographs of model projectiles for some values of H In f Figure « »" (1 + ™ £ 
launched into water. At a given point, the diameter plotted as a function of G for some values 
of the cavity first increases after the projectile has - 


passed and then decreases until the cavity closes. 
This closure will not occur at the same time at 
various points. For this reason one desires to find the 
time and place at which the cavity walls first come 
together, thus sealing off the torpedo from the at¬ 
mosphere. Call this time of first closure t c and its 
position .r f . 

From equation (38) setting y = 0, we find 
t = —- (e* x — 1) 

kV _^__ 

X1 >-** + VX 2 1 7c 2 * J + 2 y x sin 0, ^ 

+ '' 8 M 7sin (I. 

This equation gives the time of closure at a given 
position x. To find the time at which the cavity seals 
off, it is necessary to use the position at which the 
time of closure is a minimum. Writing 



l 0.l .2 .3 


* 411 0 10 

0 


20 5040 40 50*00 


T = kV c t , 

X = kx , 

„ 2k-V:-\r, 

G — :—— 

fJL sin Be 


Ts = (e ls - 1) , 

_ 2g sin 6 r _ 1 4/It, 
H ~ T\-v: : ~ G X 


Then equation (39) becomes 

r- .* - i + o^\ + VY±nx?n 

1 ~ e ^ 2 A' 

To minimize T set dl'/dX = 0, which yields 


2 AV- V 

G 


-.i+x+ 1 + x -+ IIX - — -f4n 

Vl + HXe** 2Vl+//AV-- v 


Figure 43. Graph determining time, to first closure 
as a function of the torpedo characteristics and entry 
conditions. 

the distance traversed by the torpedo from entry to 
cavity closure is given approximately by 

S c = L 1.1(1 + Tc). 

As an example of the use of these figures, consider 
the Mark 13 torpedo with V, = 000 ft per sec and 
0, = 20°. Before tail slap Cn = 0.28, and after tail 


. ». c <*♦*•» a y-< ’*4 

• ffUJCCTO** ■*'(*1 CLOSUMC occu*-» I 


The solution of these equations gives X C (G, 77). Then, 
substituting in equation (40), we may obtain 7 <-, and 
the position of the torpedo may be calculated from 
the relation 

8 = i ln(l + kVcQ = y ln(l + T c ) . (42) 

lr k 


rn 

jT^ii 

1U" 


m 


i 

-Dt 

11 
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Figure 44. Graph determining point along the tra¬ 
jectory when- the cavity first closes as a function of the 
torpedo characteristics and entry conditions. 


Thus if we know the value of X and m for a given tor- - . , , 

pedo and can select a suitable mean value of £ it is slap C D ' ~ 0.45. As a result, k may be taken as 
possible to estimate the distance and time to cavity 0.0143. We found m Section 6.3.1 that X - 0.15 
1 and n = 8 ft per sec per sec. Hence we find G = 4.16 

C Totecilitate the use of these results, the quantities and 77 = 0.06. According to Figure 43 we find 
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T c — 3-1 and the cavity seals off from the atmosphere 
0.36 sec after entry. From Figure 44 we see that the 
cavity closes first at a distance of 72 ft from entry. 
At the time of closure the approximate position of 
the torpedo is given by Figure 45 and is seen to be 
about 101 ft from entry. An entry velocity of 350 ft 
per sec for the Mark 13 torpedo makes t c = 0.40 see, 
Xc = 51 ft, s c = 77 ft. For the same entry conditions 



Figure 45. Graph determining position of torpedo 
at first closure. 


with the Steel Dummy, but with V e — 600 ft pet- 
sec, the corresponding values are t c = 0.35 see, 
x c = 61 ft, = 83 ft, and, with V e = 350 ft per sec, 
t e = 0.39 sec, Xc = 46 ft, s 0 = 65 ft. The velocity of 
the torpedo at this point is given by 

V c = Ve c ~ h ‘. 

From Figures 43 and 44 for t c and x r it is found 
that t c decreases slowly with increasing V c . It is also 
found that s„ (the position of the torpedo at cavity 
closure) will increase with increasing V,-. 

The values for t c agree with the sound records of 
cavity collapse as observed in rocket trials in the 
United Kingdom and with the time that the depth 
and roll recorder begins to record in the British 
18-inch torpedo. The values predicted also agree 
with values obtained in many model experiments of 
the vertical entry of spheres into water. 

Using the value of k presented above, another 
interesting and useful graph is the angle between the 
trajectory and the torpedo when the torpedo is just 
touching the cavity wall during the open cavity stage. 
This is given by (y - n)/b and is drawn in Figure 
46. This figure is only approximate since among other 
assumptions is that of a straight line trajectory. 


Surface Closure 

Numerous times in model water-entry studies, a 
phenomenon of what may be called surface closure 
has been observed rather than deep closure that has 
been discussed up to now. By surface closure is 
meant the phenomenon whereby the cavity closes 



Figure 46. Approximate eurve of mean angle be¬ 
tween the trajectory and the Mark 13 torpedo when it 
is just touching cavity wall. 


near the surface due to the splash folding over the 
cavity opening forming a roof. This often occurs 
quite soon after entry compared to the time for deep 
closure. The primary cause is possibly the aero¬ 
dynamic force acting on the splash near the surface 
of the water. 

The time at which surface closure occurs decreases 
with increasing V f , and it appears that, as V. in¬ 
creases, surface closure will occur before deep closure, 
at least for small models. It is, therefore, desirable 
to know how surface closure will affect deep closure. 
On this point there is not much experimental evi¬ 
dence. It is expected that after surface seal the pres¬ 
sure in the cavity, at least at first, will tend to fall 
below P a (external pressure) since the volume occu¬ 
pied by the entrapped air increases. In the empirical 
theory of the cavity shape which was used to deter¬ 
mine the time to deep closure, one of the assump¬ 
tions was that the pressure in the cavity is P 0 . How¬ 
ever, if surface closure occurs and P c < Pa, there is 
another force accelerating the cavity walls inward, 
and the time to closure will be somewhat diminished. 
From the water entry of torpedo models there are 
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indications that P c ~ Po- I* 1 addition, deep closure 
has been observed to occur after a surface closure has 
occurred in the vertical entry of spheres in water and 
appears to be relatively unaffected by the surface 
closure. 

Just how surface clusuit, abides up has as yet nut 
been determined. However, it appears that, while it 
may occur in model tests, it probably does not occui 
in the full-scale tests; furthermore, even if it does 
oecur, it appears that it probably does not affect .he 
deep closure and the subsequent torpedo motion. 

6.4.2 Motion with Tail in Contact with 
Cavity Wall 


where C D n represents the drag due to the torpedo 
nose, and Cut represents the drag due to the tail. 

Equation (43) gives directly the velocity V and the 
time t in terms of the distance s that the torpedo has 
traveled along its trajectory from the position at 
tail slap 


V =-- F 0 e 


- c »sb ( " 


S) 


> S. 


(44) 


Fo is the v t lueity at th„ %egtan*fig iM of dw 

motion. This is given in terms of the entry velocity 
and the distance to tail slap S by 


Also 


When the torpedo strikes either the top or bottom 
of the cavity or possibly one side, forces at the tail 
are produced in addition to the forces on the nose 
which were discussed in Section 0.3. The tail forces 
are primarily a lift perpendicular to the axis of the 
torpedo near the tail, at some distance h aft of the 
center of gravity, and also a small tail drag. Although 
the equations of motion are essentially of the same 
form as given in Section 0.3, they arc quite difficult 
to handle. During this stage of the motion gravity 
may or may not be neglected, depending on the l . 
and the distance from entry to tail slap (essentially 
the velocity). To obtain equations amenable to sim¬ 
ple treatment, we shall make the simplification that 
the torpedo is resting at some equilibrium pitch and 
yaw angle against the cavity wall. These equilibrium 
angles are such that the sum of the moments about 
the center of gravity is zero. When the torpedo first 
strikes the cavity wall it will tend to go past this 
equilibrium position and then execute damped oscil¬ 
lations about it. In addition, at the tail of the torpedo 
the eavit.y is contracting, and also the torpedo is gen¬ 
erally rolling in the cavity during this stage of the 
motion. 


Motion along the Trajectory 

For the motion along the trajectory, there is the 
usual equation 


t 


C d pA Fo L 


+ ts , 


s S S, 


where Is is the time to the tail slap. 


Motion in the Vertical Plane 

In case the torpedo strikes the cavity top or the 
bottom, it will become subject to additional forces 
in the vertical plane and perpendicular to the tra¬ 
jectory. Subject to these forees in the vertical plane, 
the trajectory will curve up or down depending on 
whether the torpedo is in contact with the cavity top 
or bottom. 

The equation of motion is 

MV*- = -T, P ^F 2 + Mg 

ds 2 

- -(Cl'- Cd'«) ^ V- + Mg . (45) 

The angle 0 is assumed close enough to zero to permit 
setting cos 0—1 and writing Mg for Mg cos 0. Since 
the effect of this term is small, such an approxima¬ 
tion appears acceptable. The coefficient Cl is com¬ 
posed of two parts. One represents the lift at the nose 
and is called C Ln . The other is the lift at the tail and 
is called C u- 


M <1L= - Cl) p -}v\ (43) 

dt 2 

but the drag coefficient C D may be divided into two 
independent parts 

/t __ n I . 

Ks D — ^ 1 ) n 1 ^ ut , 


C L = C Ln + C Lt • ( 4 ^) 

The primed coefficients describe the resultant 
forces along and perpendieular to the torpedo axis, 
while the unprimed coefficients describe the com¬ 
ponents parallel and perpendicular to the trajectory. 
The relation between these quantities (in the usual 
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case where a is sufficiently small so that cos ot 1, 
sin a — a) is 

tV = C L + C D a, 

Cd' = Cn ~ C l<x , 

this being true for the coefficients of the nose, the 
tail, or the entire torpedo. 

To obtain a relationship between C i, n and (V, it is 
only necessary to make use of the assumption that 
the torpedo is resting on the side of the cavity at an 
equilibrium pitch angle <5. The sum of the moments 
about the center of mass is then zero so that 


or a,,, is constant and g/V 2 does not change too much. 
The negative sign implies a circle concave-upward, 
while if a is negative the circle is concave-downward. 
As the velocity decreases the last term in (50) be¬ 
comes more important and may eventually change an 
upturning trajectory to a down turning one. 

Equation (50) was based on the assumption of a 
constant ot and this depends on a constant ot w . Since 
the shape of the cavity changes with the time, ot m will 
not be constant but will decrease as the torpedo 
moves along. Equation (21) gives the radius of the 
cavity at a distance b back of the torpedo nose so 
that, a„. can be evaluated. 


UC Ln ’ = hCu , 


(47) 


tan a„ 


Vh - n 


where /, is the distance the center of pressure of the 
nose lift lies forward of the center of mass, and h is 
the distance the center of pressure of the tail lift lies 
behind the center of mass. 

Concerning the lift forces, two assumptions aie 
made that will be shown later to have some experi¬ 
mental basis. It is assumed that the nose lift is pro¬ 
portional to the pitch angle a and that the tail lift 
and drag are proportional to the departure of the 
pitch angle from the value for which the tail of the 
torpedo just touches the wall ot the cavity, a u . b I his 
last assumption is clearly valid only when a > a,,., 
but this is the case of importance. Hence let 

C L n=Ci» aCu^Cn (<*-<*«) an(1 W = G(«-«.) • 

(48) 

The condition of equilibrium, equation (47) then 
gives the equilibrium pitch angle to be 


r. - n , X(e* 6 - 1) _ s sin 9 c e 2k ‘(e k, ‘ - l ) 2 

V~ + kb 2 (kv,)*br. 

with y,, = radius of cavity at distance b back of the 
nose, 

r, — radius of torpedo at the point of flow sepa¬ 
ration from the nose, 

r { , - radius of torpedo at a distance b back of 
the nose, 

k = mean deceleration coefficient, 
s = distance along trajectory. 

This expression for a w can be used in equation (49) 
to get a for use in equation (50). The value of 1 /R 
as a function of s can then be obtained and inte¬ 
grated with respect to s to obtain the angle through 
which the torpedo turns in a given length of trajec¬ 
tory. 


C III 2<X, r 

Cu’h ' 


(49) 


Equation (45) then becomes 



This result shows that under the assumptions made 
the torpedo moves in a vertical circle as long as a, 


b Strictly, the nose lift is proportional to the effective pitch 
angle at the nose, a —l,/V(a - 8) and the tail lift to 
4. U/Vlit — 8). However, due to the uncertainty in the 
coefficients and for simplicity the effect of the angular velocity 
terms are omitted in this analysis No analytical difficulties 
are present if one wishes to include them. 


Motion in the Horizontal Plane 

If the torpedo enters the water near the critical 
pitch angle a r , it may swing to one side or the other of 
the cavity so that the force due to contact with the 
cavity will be horizontal. To the extent to which 
gravity can be neglected, the motion will then be 
confined to the plane defined by the direction of this 
force and the initial direction of the trajectory. Since 
the torpedo is probably symmetrical about its longi¬ 
tudinal axis, the force coefficients for the horizontal 
forces will not differ significantly from those for the 
vertical forces, and the radius of curvature will be 
given by equation (50). The iorce of gravity will not 
affect the radius of curvature but will tend to distort 
the motion out of the plane. 
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General Case 

In case the torpedo strikes the wall of the cavity 
at an arbitrary angle, the forces called into play will 
lie in the plane defined by the axis of the torpedo and 
the direction of motion at the time of impact. In so 
far as gravity can bn negated, the motion will con¬ 
tinue in this plane with a radius of curvature indi¬ 
cated by equation (50). In this approximation, the 
horizontal displacement and the change in depth can 
be estimated for any given condition at tail slap. It is 
assumed, of course, that the torpedo does not roll 
around the cavity. For no rolling of the torpedo, the 
radius of curvature of the path in the vertical plane 
increases slowing with increasing s. In other words, 
if the torpedo ia Qfi the bottom side of the cavity, the 
torpedo trajectory is curved (and essentially circular) 
concave-upward, with the radius of the curve in¬ 
creasing as the torpedo travels along its trajectory. 
Thus it becomes less concave-upward until finally, if 
the torpedo is traveling sufficiently slowly, it may 
reverse sign and become concave-downward. How¬ 
ever, if the torpedo is on the top side of the cavity, 
the trajectory is concave-downward with the torpedo 
tending to dm. Stud 0 c f*dii« -J etirvabiin to 

increase slowly. Hue to the gravitational teim the 
radius of curvature tends to decrease slowly, and the 
net result depends on the hydrodynamic constants 
and entry conditions. This general type of behavior 
is due to the fact that the cavity is contracting near 
the torpedo tail and its shape is changing slowly so 
that the equilibrium pitch angle is decreasing and 
thus, also, the lift force increasing the radius of cur¬ 
vature. 

For launchings, like those of rockets and high speed 
aircraft torpedoes, F, is very large, and the gravita¬ 
tional term may be neglected. In this case, the Ua- 
jectory does not differ much from a circular aic since 
the cavity contracts very slowly and thus the radius 
of curvature of the path increases very slowly. On 
the other hand, for sufficiently low F«, even though 
the torpedo strikes the bottom wall oi the eavity at 
some distance along the trajectory, the path may 
become concave-downward, and the torpedo will 
dive. This has been clearly observed in model experi¬ 
ments. 

In the horizontal plane the behavior is very simi¬ 
lar. For no roll, if the torpedo tail strikes the right 
side of the cavity the path is concave to the left with 
slowly increasing radius of curvature, and if the tor¬ 
pedo tail strikes the left side of the cavity the torpedo 


path will curve to the right with slowly decreasing 
curvature. 

The change in the trajectory angle in the vertical 
and the horizontal planes during this stage of the mo¬ 
tion follows immediately from the discussion of the 
radius of curvature. Thus for the torpedo on the 
bottom side of the cavity the trajectory angle de¬ 
creases at a slowly diminishing rate, while if the tor¬ 
pedo is on the top of the cavity it increases at a rate 
which may diminish or increase depending on the 
hydrodynamic constants of the torpedo during this 
stage of the motion and the entry conditions. Thus 
for torpedoes on the bottom side of the ca\ity, the 
pitch angle at entry being more nose-up than the 
critical pitch angle (a < a c ) (unless V . is very low), 
e will decrease with a resulting upturning trajectory, 
while if at entry a e < a c the torpedo will strike the 
top of the cavity the trajectory angle will increase 
with a resulting down-turning trajectory. 

It is evident from the preceding discussion of the 
equation of motion solution that the motion in the 
horizontal plane depends also on the entry condi¬ 
tions in the vertical plane, and a similar statement 
mat be made for the motion in the vertical plane. 

Illustration of Motion 

The general behavior of a torpedo going to the 
bottom of the cavity may be seen qualitatively from 
a series of photographs obtained from 1-in. models at 
the Morris Dam Group, California Institute of Tech¬ 
nology. This is illustrated in Figures 47A to 47D. 
This series of photographs is taken from the trajec¬ 
tory uf the 1 in. venhd woHp 1 nf the CIT Steel 
Dummy. From these pictures, which probably do not 
duplicate all the aspects of the trajectory and cavity 
shapi of ih . bffi -tcfiC CIT *ir+\ uum-ny one maf 
nevertheless see the qualitative behavior of the tor¬ 
pedo as described earlier. Clearly the torpedo strikes 
the cavity wall, and the tail digs in until the torpedo 
settles around some equilibrium pitch angle, as illus- 
Wtttwl h". Fijt'+W! 47-k Slid H The torpedo then pur¬ 
sues a curved path (concave-upwards since it is on 
the bottom side of the cavity) at roughly constant 
pitch angles as seen in Figures 47B, C, D. Ihe cavity 
then can be seen sealing off (deep closure) trom the 
atmosphere. The trajectory after closure differs more 
markedly from the full-scale and will be discussed 
later. However, it should be noted that even alter 
the closure, while a cavity (although closed) may 
exist, the torpedo path is curved. In addition, one 
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Figure 47. Illustrations of the underwater trajectory of the 1-in. vented model of the Steel Dummy with a finer 
nose. 0, - 19°. I = 105 ft per see. 

A. 10 diameters from entry. Torpedo going to bottom wall of cavity. 

B. 22 diameters from entry. Tail slap has just occurred and torpedo tail is digging in. . 

C. 07 diameters from entry, lorpetio riding on boiuuu v aft ol die cavity at i-.5TrAa.-eS pft i «n? *' '«■ 

pursuing an upturning trajectory (roughly circular are). _ 

D. Torpedo broaching after approximately circular path. Cavity behavior appears differen. from pro.o ype. 


secs the diminishing trajectory angle and the nosc-up 
pitch angle during, and at the end ot, the open cavity 
stage of motion. 

Other Types of Motion during 
Open Cavity Stage 

The foregoing discussion has more or less implicitly 
assumed a type of head on the torpedo in which the 
center of curvature of the nose is forward of the cen¬ 
ter of gravity. However, if the center of curvature of 
the nose is aft of the center of gravity (as on a flat 
nose) then it was seen (Section 6.2.5) that a restoring 
moment acts on the nose tending to return the tor¬ 
pedo axis to zero pitch. In this case the torpedo may 


strike the cavity wall, but the corresponding pitch 
angle will not be the stable equilibrium pitch angle. 
After striking the cavity wall, due to the restoring 
moment at the nose, the torpedo may rebound from 
the wall, oscillate past its equilibrium position to the 
opposite cavity wall, and then rebound from that 
wall. Thus a periodic oscillation in pitch may be ex¬ 
pected with an attendant periodic oscillation in the 
trajectory. This entire phenomenon has been ob¬ 
served in model experiments with flat noses. r l his is 
the type of behavior which has sometimes been called 
an oscillatory type of trajectory. 

Generally, the entire preceding discussion is for 
torpedoes in which the length to diameter ratio is 
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not, too small. If this ratio becomes small a compara¬ 
tively wide cavity is produced, and it is possible that 
a very large value of a must be attained for equi¬ 
librium (which may not necessarily be a position of 
stable equilibrium) and the motion will tend to be 
that of broadsiding. 

It has also been assumed that 1 2 (the distance be¬ 
tween the center of pressure of the tail lift and center 
of gravity) remains constant during this stage of the 
motion. Generally, this is satisfactory. However, it 
clearly depends on the shape of the tail section of the 
torpedo and may easily involve a and the cavity 
angle. For the broadsiding motion mentioned above, 

/ 2 will probably vary during this stage. 

Roll in the Cavity 

Up to now, it has been assumed that the torpedo 
does not roll about the cavity during this stage of the 
motion. Actually, this assumption may not be com¬ 
pletely correct. In order to examine this point, the 
roll velocity of the torpedo must be investigated. 

During the stage before tail slap, it was observed 
that a rolling velocity of the torpedo about its longi¬ 
tudinal axis was produced and that this velocity is 
proportional to the yaw angle at entry This roll 
velocity was caused by the moment of the hydro- 
dynamic forces perpendicular to the torpedo axis, 
multiplied by the metacentric height. Thus for the 
Mark 13 torpedo entering right side up, since the 
center of gravity is below the torpedo axis, a nose- 
right yaw produces a clockwise rolling angular ve¬ 
locity, while for the torpedo upside down with the 
same entry conditions a counterclockwise roll ve¬ 
locity would be produced. For intermediate 1 oil 
angles the hydrodynamic forces perpendicular to the 
torpedo axis in the vertical plane also produce a 
rolling moment. 

Thus, at tail slap, the rolling angular velocity of the 
torpedo is its roll velocity at entry, plus .he rolling 
velocity induced during the previous stage of motion. 

At tail slap, an additional rolling angular velocity 
is produced due primarily to three causes, the meta¬ 
centric height of the torpedo (arising in an entirely 
similar manner to the roll velocity induced during the 
nrpvimm r,f mnt,inn) the toroedo propellers, and 

pICVl(JUQPUii 6 v v* -/ 7 * * 

tire torpedo fins. We will discuss «erh- f effects 
separately. 

Effect of Metacentric Height. The roll velocity pro¬ 
duced by the moment of the hydrodynamic forces 
multiplied by the metacentric height has already 
been mentioned. Clearly, roughly the same type of 


forces will act on the nose of the torpedo as in the 
previous stage of the motion where the nose alone 
woe in contact with I,hi: water The magnitude of the 
transverse forces are proportional to $ in the hori¬ 
zontal plane and a in the vertical plane. 

Effect of Propellers. The effect of the propellers in 
producing a roll velocity depends primarily on their 
sense of rotation. At tail slap, the propellers first 
come in contact with the water, and therefore a 
hydrodynamic force is produced. By far the largest 
component of this force is that normal to the pro¬ 
peller blades. The force normal to the blades pro¬ 
duces a rolling impulse and hence a rolling velocity 
about the longitudinal axis of the torpedo. The direc¬ 
tion of this rolling velocity will depend on the direc¬ 
tion of the force normal to the propeller blades, which 
in turn depends on the direction the propellers are 
pitched. The torpedo experiences a rolling moment 
since at tail slap the propellers probably are not up 
to their normal running speed and, in any case, the 
torpedo velocity is much greater than the steady 
running value. For a given set of propellers, the force 
and hence the rolling velocity would be a maximum 
when the propellers are fixed to prevent rotation. 

It is evident that the direction of the force on a 
single propeller which is left-handed is such that a 
counterclockwise roll velocity is expected, while if 
the propeller is right-handed a clockwise roll velocity 
is expected. With counter-rotating propellers, with 
which must * *" fitted, 

the problem is somewhat more complex. However, it 
is probably correct to assume that the direction of 
pitch of the forward propeller will determine the 
direction of the roll velocity induced at tail slap. 

From this discussion of the mechanism whereby 
propellers produce a 1 oiling velocity, it may be in 
ferred that the rolling impulse and hence the rolling 
velocity will increase with increasing propeller blade 
area, increasing propeller blade pitch, and certainly 
with increasing entry velocity V e . In addition, the 
rolling velocity will probably also depend on how 
much the propellers sink into the cavity wall. As a 
result, one might expect an increasing roll velocity 
with a larger propeller diameter even though the 
blade area is constant. 

Effect of Fins. The third possible cause of torpeuo 
roll after tail slap is the action of the water on the 
torpedo fins. If there is any relative velocity, perpen¬ 
dicular to the torpedo axis, between the water 
bounding the cavity and the torpedo in contact with 
: it, there will be a torque tending to roll the torpedo. 
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Very little is known as to the detailed motion of the 
water at the surface of the cavity, but it is in accord 
with the simple description of cavity ahapc ahmady 
given to assume that all of the motion is in a plane 
containing the axis of the cavity. Hence any relative 
motion must be a motion of the torpedo in the cavity. 

If the torpedo were initially in the center of the 
cavity and moved directly over to make contact with 
the surface, there would be no relative motion be¬ 
tween the torpedo and the water, perpendicular to 
the axis. It appears, however, that the situation is not 
so simple. In the first place, the torpedo is away from 
the axis of the cavity by amounts corresponding to 
the yaw angle and the pitch angle a, at entry. In 
the second place, the pitch angle will change much 
more rapidly due to the entry whip than will the 
yaw angle. Hence, when the torpedo strikes the 
cavity surface, it will not be travelling along a radius 
but along a chord of a section oi t he cavity. Hence di¬ 
rections of roll due to the Tins are to be expected as 
follows: 


Pitch at Tail Slap 
Nose-up 
Nose-up 
Nose-down 
Nose-down 


Nose-right 

Nose-left 

Nose-right 

Nose-left 


Roll Velocity 

Clockwise 

Counterclockwise 

Counterclockwise 

Clockwise 


Experimental Verification. We may now undertake 
to investigate the available experimental data on the 
roll velocity produced at entry and examine die 
agreement with the qualitative and semiqnantitative 
theory of the phenomena presented above. 

Practically all of the data obtained on initial under¬ 
water roll in this country was observed at the CIT- 
TLK bv means of a gyroscope orientation recorder. 
Roll records have been obtained in which the effect 
of the metacentric height, the propellers, and the fins 
have been studied. These tests were carried out on 
the CIT Steel Dummy which, incidentally, is gener¬ 
ally not fitted with propellers. The effect of the fins 
was to a large extent isolated by experimenting with 
the so-called MBB Dummy, illustrated in Figure 48. 


This dummy has the same physical characteristics as 
the CIT Steel Dummy, except, as is seen, most of the 

,/-l l\/TTm Dnmmv th6 


mi idrOfi is remove^ 


basis, the effect of metacentric height, fixed pro¬ 
pellers, and fins was examined one at a time. 

Since on the normal MBB the metacentric height 
is zero, there are no propellers, and the fin area is a 
minimum, we expect the observed roll velocity (which 
is defined as the maximum roll velocity observed 


witfnn the first second after entry) to be a mini norm, 
but with some residual roll due to the fact that the 
i'msTfcfi. fis I of compfekly ft'-u VJvl The nWrved roll 
velocity in this case is expected to have the same de- 



Figcbe 4S. CIT MBB Dummy minimum fin instal¬ 
lation. 


pendehce oil yan at entry as that dm t»> the hits 
alone so that, in the light of our previous discussion, 
a nose-right yaw is expected to produce a clockwise 
mil velocity. Tf loll Vc lhcMes tvft hot hu ' ftiAw 
expected to be nearly so large as with normal fins. 
In Figure 49 the observed roll velocity for the MBB 



Figure 49. Induced roll velocity for Cli MBB 
Dummy (zero metacentric height). 


Dummy is plotted against yaw at entry, and the re¬ 
lationship is seen to be as expeeted. At the origin, the 
slope of the curve is approximately 50 degrees per 
sec per degree yaw. 
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The next step in the measurements of roll velocity 
was to put the center of gravity 0.53 in. below the 
axis of the dummy and obtain the dependence of <P 
on i/v It is expected from the previous discussion 
that for a given nose-right yaw angle the clockwise 
roll velocity will increase with increasing metacentric 
height. The dummies entered with a, > a c and right 
side up. Examining 'Figure 5h, v.hiuti represents the 



Figure 50. Induced roll velocity for C1T MBB 
Dummy (metacentric height = 0.53 in.). 

results of these tests, indicates that the observed roll 
velocity is altered by the metacentric height in the 
manner predicted. From this figure it is seen that for 
the MBB Dummy the sensitivity of 4> to </v is in¬ 
creased to 150 degrees per see per degree yaw so that, 
due to the metacentric height of 0.53 in., the roll ve¬ 
locity is increased approximately 100 degrees per 
sec per degree of yaw. 



Dummy. 


On the basis of the discussion of the causes of roll 
given earlier, it is expected that the effect of the meta¬ 
centric height in producing a roll velocity is zero for 
= 0 since in this ease there is no force aeting on a 
hemispherical nose normal to the torpedo axis in the 


horizontal plane. In addition, the effect 4 minimum 
fins for = 0 is expected to be zero since uhe fin 
effect varies with tfv as discussed earlier. Hence tor 
i j/ e = 0, we expect <p = 0- One roll record was ob¬ 
tained with the MBB Dummy with the center of 
gravity 0.53 in. below the axis in which = 0. The 
record is presented in Figure 51. It is seen that the 
rdl velocity is ptwffieuHy *ttj 


• v 



TAW AN8LE AT ENT FIT IN DEGREES <%) 

Figure 52. Induced roll velocity for C’lT MBB 
Dummy (fixed Mark 13 propellers with minimum fins). 

To test the effect of propellers, the MBB Dummy 
was fitted successively with Mark 13 and Mark 14 
propellers fixed to prevent rotation. The Mark 14 
propellers are somewhat larger than those of Maik 
13. It should be noted that the Mark 13 and Mark 14 



Figure 53. Induced roll velocity for C1T MBB 
Dummy (fixed Mark 14 propellers with minimum fans). 


forward propellers are left-handed. The result ob¬ 
tained with the Mark 13 propellers is illustrated in 
Figure 52 and indicates that with left-handed pro¬ 
pellers at zero yaw a counterclockwise roll velocity 
produced averaging about 125 degrees per sec. 


is 
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'lhus a constant roll velocity is supei posed on tlie roll 
velocity caused by the metacentric height and mini¬ 
mum fins. In Figure 53 a similar result is observed 
with fixed Mark 14 propellers. In this case the roll 
velocity due to propellers is some 300 degrees per sec 
or about times the roll velocity due to Mark la 
propellers. This is as expected since the area of the 
Mark 14 propellers is somewhat greater than that of 
the Mark 13 propellers. 

To study the effect of the fins in producing a rolling 
velocity the MRB Dummy was launched with nor¬ 
mal fins. The observed results are presented in Figure 
54. From this figure it is clear that the fins produce a 



Figure 54. Induced roll velocity for CIT MBll 
uummy t,no propellers ami fiutifXat unsi. 


rolling velocity in a manner predicted earlier. The de¬ 
creased influence of the yaw angle on the roll velocity 
foi iuigei yoov angles as jiutc apparent. A..IT y, ~ t) 
it is found that the slope of the roll velocity curve is 
approximately 150 degrees per sec per degree of yaw 
which represents an increase of about 100 degrees per 
sec per degree of yaw over the value observed with 
minimum fins. 

We thus see that the discussion of the causes of roll 
at tail slap appears to be verified by the available 
experimental data at least for torpedo shapes similar 
to the Mark 13 torpedo. 

On the basis of the observed values of the roll ve¬ 
locity, it is possible to estimate the extent to which a 
Mark 13 torpedo might roll around the cavity during 
this stage of the motion and hence the extent to which 
the plane of the trajectory might be distorted. 

It appears that this stage of the motion will not 
last longer than 0.4 sec and, if the roll velocity of the 
turpt.de is less than 3U0 Jtgw** {a# U frill Ittta 
less than 80°. This will correspond to a change in 


aiigulai position in the cavity that is less than 32° 
since the ratio of the torpedo radius to the cavity 
radius is about 0.4. This value of 32° based on no 
slipping at all is an upper limit, and its low value 
justifies the qualitative picture of the plane trajec¬ 
tory as a first approximation. 


6.4.3 Observed Values of Hydrodynamic 
Constants after Tail Slap 

In order to obtain the magnitudes of the radius of 
curvature of the path, the time and velocity distance 
relationships, as well as the cavity shape during this 
stagd of il** motion Mw JiAlflHi-AtrJdrnug mid lift, forces 
due to the contact of the tail with the water must be 
known. 

Methods of Obtaining Co during this 
Stage of the Motion 

In general, wc can say that Co = CDn + Cot, where 
C D n is the drag coefficient due to the torpedo nose, 
which was discussed in detail in the last part, and Cot 
is the drag coefficient of the tail of the torpedo. The 
magnitude of C D t may be thought to be attributable 
to th< i \tra dmg of the tail section coming in contact 
with the cavity wall or the additional drag caused 
by the increased wetted area of the torpedo in this 
stage. Hence it is expected that for any torpedo Cd 
will Pe a fuiicwon ol the tail shape aTtl stfUCture. 
Possibly the only method for obtaining Cn is experi¬ 
mentally, and the simplest method for obtaining C D 
o>- Cp, is probably by obtaining a velocity distance, 
tiriw, * diMiUli-. limr nenrd during this 
stage of the trajectory. A usable drag coefficient for a 
rocket, based on full-scale and model tests, has been 
determined. This drag coefficient is generally aver¬ 
aged over the entire trajectory. Hence it is expected 
that the value of Co quoted would be slightly less 
than (Con + Cot) since it generally includes a small 
region where C D = C Dn (the previous stage of the 
trajectory) and possibly, for low F„ some region 
after cavity closure. 

Another possible method fur investigating the 
value of Co during this stage of the motion makes use 
of water tunnel tests with the torpedo at a pitch 
angle a that is estimated to be roughly the value in 
the open cavity. With the cavitation number K ap¬ 
propriate to this stage of the trajectory (which is 
probably of the order of K = 0) the value of Cd, and 
iilsr. nthpr coefficients like Ci, mav be measured. The 
increase in the value of C D during this stage of the 
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trajectory is expected to occur almost discontinu¬ 
ous^ since the immersion of the tail in the cavity 
wall takes place very suddenly. 

In addition, since the wetted area of the tail usually 
increases considerably with increasing a we should 
expect C D i and hence C D to increase with increasing 5 
during the open cavity stage. Indeed, as was men¬ 
tioned before, we expect Cdi K (<* — <*«■)• The model 
tests of the forces on a long cylinder planing on water 

U„v ; sh :m n that . k rpf ewn r ly i liiwiurliuiPti-Ti if 

(<S — a„.) as was expected. 

Observed Values of Cd 

During this stage of the motion, C on is approxi¬ 
mately the same as the value of C D in the previous 
stage, and Cdi is a function of the tail structure. 

For the CIT Steel Dummy (which is fitted with a 
shroud ring) it was found by repeated distance-time 
measurements at the Cl T—T. LR that, based on body 
diameter, during this stage of the motion C D ~ 0.35 
approximately. Based on the actual nose-sphere 
diameter, C D ~ 0.42 is in fair agreement with the 
values for hemispherical-nose rockets. The value of 
Co for the full-scale Mark 13 torpedo with shroud 
ring is probably in the same neighborhood and may 
be somewhat larger due to an additional drag force 
introduced by the propellers. From distance-time 
curves obtained with the 1-in. vented model of the 
Steel Dummy, it is estimated that during this stage 
of the motion Co - 0.33 based on body diameter and 
when based on nose-sphere diameters C D ~ 0.38. 
Hence it appears that without propellers C D , ~ 0.14 
at the particular (a — a,,,) holds for that torpedo. 
Adding propellers tends to diminish a and henee 
should diminish that part of Cdi due to the torpedo 
tail. However, the propellers also contribute to Cdi■ As 
a very crude approximation, the value of Cd for a 
flat plate of the same area may be used for Cd p ■ For 
the Mark 13 propellers this appears to be using the 
area of two blades (presumably two of the four blades 
may be completely immersed). Very roughly C Dp ~ 
0.06. Due to the propellers there is also an increase in 
Cu and as a result a will diminish somewhat, thus de¬ 
creasing C D t, possibly by 0.03. Hence, by this very 
rough method, for the Mark 13 torpedo Cm = 0.17 
and C D = 0.45. As a notation, it is here, for the first 
time, that the shroud ring has been considered since 
this is the first stage of the motion in which the tail 
structure has made contact with the water. It is 
estimated that the shroud ring drag will be small. 
Therefore, the value of Cd for the Mark 13 torpedo 
without a sfoutru' ring is exp e c ted 


the same. The reason for this is that the ring surface 
makes an angle of 4° with the torpedo axis. If the 
cavity were conical, ttan the sliroud v ing would also 
make roughly a 4° angle with the water when just 
touching the cavity wall. However, at the rear of the 
torpedo the cavity wall begins to curve inwards with 
the result that the flow past the shroud ring will be 
roughly in the direction of the ring when just touch¬ 
ing the cavity wall. As the torpedo tail digs into the 



CONE ANGLE IN DEGREES 

Figure 55. Drag coefficient versus conc_ang!c_ for 
cone heads on a cylinder. (Obtained in the United King¬ 
dom.) 

cavity wall, there is probably an angle of attack of 
the flow on the shroud ring as to result in a lift. r ihe 
total increase in drag appears however to be neg¬ 
ligible. 

The value of Co measured for the Mark 13 torpedo 
is at the equiibrium angle y/'or p. The magnitude 
of this angle is not known and is not constant during 
this stage of the motion. It is estimated that, the 
magnitude of this angle is in the neighborhood of 10°, 
based on the kinematic theory of cavity shape and 
from gyroscopic orientation recorder records at the 
CIT-TLR of the angle of the torpedo axis in the 
vertical plane. 

Results have been obtained in the United King¬ 
dom for the Cd of models of cone head rockets. These 
results are probably averaged over the entire trajec¬ 
tory, and as a result the drag coefficients observed 
are probably low for this stage of the motion. The 
results indicate that C D appears practically indepen¬ 
dent of the length ovei diameter ratio lot the lockets. 
Figure 55 is a plot of the results obtained of C D versus 
cum Thev are all for U l = 0.4. Comparing 
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these results with the Cd observed for cone noses be¬ 
fore tail slap, the value appears lower. This illustrates 
somewhat the inherent ihaooui aides in lneastue- 
ments, but primarily it indicates that C D t for a cylin¬ 
der is almost negligible. It appears, as is expected, 
that C D increases with the cone angle. Results ob¬ 
tained for Cun for cone noses by model experiments 
and integrated pressure distributions may be com¬ 
pared with the results in Figure 55, and from the com- 
jjHiison an estimate uf the tail drwg rorfierenl eu U. 
made. In addition, the tail diag is ahi»wn lo be small 
by the fact that a smooth velocity-time relation is 
found in these model tests over the entire trajectory 
rather than the utmost disocritttitTorfe curve obs^Tvod 
for the Mark 13 torpedo. 

It was also found that Cm increases somewhat as 
the center of gravity is moved back Irom the nose. 
This may be attributed to a greater lift required for 
equilibrium on the cavity wall and increased sub¬ 
mersion of the tail. 

A rocket with the Admonitor CIT head, which is a 
head looking like a large-caliber ogive, was found by 
the British to have C D n = 0.11 and Cd = 0.16. The 
tail of the rocket is roughly cylindrical in shape. The 
same rocket with the Armo head (a fiattish nose) was 
found to have a mean Cd over the entire trajectory 
of C D = 0.16 and to vary between 0.13 and 0.19. Va¬ 
rious results for the Cd of rockets (based on nose 
area) are presented in the following table. 

Table 1. C» for rockets with various noses 
Connecting 



UiiSi/lu 

■’Ctfinn of 

C, ibased 

Radius 


in 

nose on to 

on 

of 


calibers 

cylinder 

nose area) 

curvature 



in calibers 




Hemispherical noses 


HVAR 

0.22 

20 

0 41 



0.31 

5 

0.43 



0.25 

20 

0.43 




Ogive noses 



JMA2 





11.75" AR 

0.6 

20 

0.32 


2.25 "AR 

1.4 


0.33 

50 

3.5 "AR 

1.4 


0.25 

200 


1.14 

20 

0.25 

620 

_ ^ „ XTTr t n 

1 A 


0 25 

170 

O.U XT V AVIV U 

X . "T 





1.0 

20 

0.25 


1.75" AR long 





motor 

1.5 


0.21 

550 

11.75" AR 





short motor 

1.5 


0.20 

500 

3.25" Mark 7 

1.8 


0.31 



2.4 


0.29 



4.0 


u. u> 



The 600-lb A/S bomb was found to have Cd = 0.43. 
The nose of this bomb is roughly spherical. The 250- 
lb A/8 bumL has a spherical capped nose of radius 
~Z/3. It was found that for this bomb Cd ~ 0.95. 

On the basis of the results presented it may be 
possible to estimate the magnitude of Cot for various 
shaped torpedoes. C D t appears small for rockets. Us¬ 
ing the Cdh for various noses given in Section 6.3, it 
appears possible to estimate Cd for this stage of the 
s’*! !., Uh thin v-iur in dhUtUiiug Idee 
cavity behavior and the motion of the torpedo 

Lift Coefficient 

Idy fa* tfal « Tin't A turpwJLj tall tinting 

on the cavity wall is the lift that is produced near the 
tail. From the equations of motion it appears that it 
should be possible to determine the trajectory during 
this stage of the motion if the quantities Cu (vertical 
plane) and <?,./ (horizontal plane) are known, as Cu' 
and <?,/ were derived in Section 6.3. 

From equation (50) for the first order approxima¬ 
tion of the trajectory during the open cavity stage, it 
is apparent that three quantities enter into the equa¬ 
tion, the radius of curvature R, the mean pitch angle 
a, and the lift rate coefficient of the nose Cu'. The 
quantity Cu for various shaped noses was discussed 
in Section 6.3. Thus, since the approximate value of 
Cu is known, it is necessary to know a to determine 
1 R or to know 1 /R in order to determine a. In order 
to determine a without knowing R, Cu must, be 
known. Actually, the quantity that is usually meas¬ 
ured is the radius of curvature of the path (which is 
oloHfcly * jftmtrtr), M*l (t u tlii* tbr.nc 

inferred the quantity C 

In tests of a series of cone head rockets (cone heads 
oil a cylinder) the following procedure vvui used Tim 
value of R was found for various cone angle noses 
with different positions of the center of gravity (and 
thus different values of h and h in equation (47). The 
values found are given in Figure 56 (Shaw and 
Naylor 5 ) for various values of the length divided by 
diameter, position of center of gravity, and cone 
angle of the nose. It is clear from this figure that the 
smaller the cone angle the larger the value of Cl and 
hence the smaller the value of R. This is expected 
since the smaller the cone angle the larger the nose 
lift. Also the quantity C L varies much as might be 
expected. Thus clearly C L increases with a and from 
equation (49) it is clear that as the center of gravity 
is moved back, since l 2 /h decreases, a will increase 
and hence Cl will increase. In addition, it is clear 
that, as t and hence length divided by diameter m- 
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creases, the inclination of the torpedo in the cavity 
becomes smaller due to the increased length of the 
rocket and curvature of the cavity. As a result (5 will 
decrease with increasing l. 

Many underwater trajectories have been observed 
at the CIT-TLR for the full-scale Mark 13 torpedo 
and for the Steel Dummy. However, due to the rela¬ 
tively short path length during which this stage 
exists and due to the large radius of curvature it has 
been quite difficult to estimate R with much pre- 
cision. 

For a hemispherical nose Ci„' = Co,,' = 0.28. Also, 
since (V = Cn — C L a = 0.45 -(!+*> 

= 0.45 - 0.03(5 (7i = 5 ft, h = 4 ft), we may say 
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Figure 56. Lift coefficient versus cone angle for cone 
heads on a cylinder. (Obtained in the United Kingdom.) 


from equation (50), neglecting the dependence on 
V, that 


57, time. Since the path is assumed circular, R is de¬ 
termined simply by R = Ob “ S)/ A(0 — a). In this 
•manner the results listed below were obtained for cold 
shots. These values are only very approximate and 
are subject to considerable error. 


R (ft) 

Weight (1 

600 

1,861 

500 

1,648 

500 

1,862 

450 

1,635 

450 

1,681 


However, it is remembered that the cavity con¬ 
tracts at the torpedo tail during the open cavity 



Figure 57. Typical record of angle of axis of torpedo 
versus time. This record is for a cold shot. 



Hence we have an approximate relationship between 
l/R and <5. If either of the quantities is known, the 
other is determined. As has been mentioned, from 
the underwater trajectories one cannot easily meas¬ 
ure R on the relatively short region from tail slap to 
cavity closure. However, one may obtain the radius 

(• i i i *-i vnorwrlc f\t tho 

ol curvature ol tne uajeiwoiy nu.x. . — . 

gyroscopic orientation recorder. In the approxima¬ 
tion indicated by the equation above, (5 is assumed 
constant and hence the path is circular. The gyro¬ 
scopic orientation recorder yields records of the angle 
that the axis of the torpedo makes with the horizontal 
as a function of distance or, as illustrated in Figure 


stage. From Figure 4C it appears that the contraction 
might be taken as decreasing A(0 — a) by approxi¬ 
mately 3° and probably more. This is a very signifi¬ 
cant correction and must be applied. Making this 
correction in R and adjusting the results to a common 
weight of 2,1(30 lb, by the relation expected from the 
equations, R rx il/, we find that for tne Mark 13 tor¬ 
pedo R - 400 ft. Then, from the equation above, it 
is found that for the Mark 13 torpedo roughly a = 
13°. The value of a computed for the cold shots seems 
in fair agreement with the observed gyroscopic orien¬ 
tation recorder records. 

With the value of R, A0 can be computed. Thus 
A0 = (s c — S)/R, or 9,, the trajectory angle at eav- 
ity closure, is given by 

a e > a. , 9c = 9e ~ A 6 , 

Oic < ot c , 0 O = 9 e + A0 . 
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Taking a typical case where V e = 350 ft per sec 
and 600 ft per sec, it is found that 6 C versus a, for the 
Mark 13 torpedo is given in Figure 58, for 6, = 20° 
and 4> e = 0°. Altering 8. with the same a e will change 
6 C through the quantity S. 

From this figure we see that a smail change in a e 
from 2° nose-down to 3° nose-down changes 6 C from 
15° to 27°. 



Figure 58. Mark 13 torpedo. Trajectory angle at 
cavity closure versus pitch angle at entry. 


From the expression for a given by equation (49) 
it is possible to solve for Cu' . Hence knowing a (or 
knowing R which determines «) should presumably 
determine C lt ' by the equation 


Cu' 


r, / 

' fr. — 


1 - 


where a„, is determined by the nose shape. Thus Cu' 
can be calculated for the various rockets in Table 1. 
The method by which this could be carried out is 
clear. These calculations will not all be exhibited, but 
Cu will be examined for the Mark 13 torpedo with 

_J ...HU 4- « IUw IV Kooorl rtn +ho VPl'V VOUP'h 

fctliu. Wi.lll.UUi/ a out UUVI - • “■ ^ ~ <=» 

values of R obtained at the CIT-TLR. 

For the Mark 13 torpedo it was found that d = 10°. 
Then during this stage a w /a ^ 0.5, C lr !{l\/U) = 0.35, 
Cu (Mark 13 torpedo with shroud ring) = 0.70. 

From some three cold shot launchings without a 
shroud ring it is found (correcting to W = 2,160 lb) 


that R ~ 200 ft and as a result a = 20°. Conse¬ 
quently, Cu' (Mark 13 torpedo without shroud ring) 
= 0.50 is then found. 

Very similar calculations may easily be carried out 
for the horizontal plane. 

On the basis of the various values of R and C D — 
Cd + C L ' a, one may calculate C„' and it appears pos¬ 
sible to make a rough guess at the values for arbi¬ 
trarily shaped projectiles. However, this is still very 
crude. 

The possible oscillatory behavior of flat-nose tor¬ 
pedoes has already been mentioned. The trajectory 
resulting is essentially oscillatory with no general 
curvature. 

Effect of Propellers during this Stage 
of the Motion 

The effect of propellers during this stage of the 
motion is to produce a rolling velocity, to produce a 
small increase in tail drag Cm, and to produce a cross 
force at the torpedo tail. It is this cross force that is of 
major importance since it may produce large changes 
in the underwater trajectory. If a torpedo enters with 
ct r > o> so that it strikes the bottom of the cavity wall 
and if there is a sufficiently large cross force at the 
tail, it may rebound to the top wall, and the subse¬ 
quent trajectory would be of the downturning type 
instead of the expected upturning trajectory. 

In model tests by the British of their aircraft tor¬ 
pedo it has been observed that without propellers the 
torpedo rested on one side of the cavity, while with 
propellers the torpedo rebounded from the wall which 
it struck originally. Model tests of the Mark 13 tor¬ 
pedo in the United States made without propellers 
indicated no rebounding. In addition, tests have been 
made with a full-scale powered Mark i3 torpedo 
equipped with propellers. From these tests a clear 
sensitivity of depth of dive to pitch angle was ob¬ 
served. For a, > otr the depth of dive was relatively 
shallow, while for a, < a c the torpedo struck bottom 
or at least dived very deep. If rebounding occurred, 
one should have observed some deep dives and some 
shallow dives for ot c > a c . Since this was not observed, 
it is inferred that the Mark 13 powered torpedo does 
not rebound. Records obtained with the gyroscopic 
orientation recorder on Mark 13 shots under power 
indicate that during the open cavity stage there is no 
marked change in the inclination of the axis of the 
torpedo in the vertical plane as would appear with 
rebounding. 

From a single gyroscopic orientation recorder rec- 
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ord it appears that R is practically unaltered by the 
removal of propellers. However, the crudeness of the 
measurements and the fact that there is only one 
record makes the evidence extremely inconclusive. 
Further experiments were made at the CIT-TLR 
with Steel Dummies lifted with fixed Alatk 14 mid 
Mark 15 propellers. For these launchings (where 
<x e > a c ) the gyroscopic recorder clearly indicated the 
toipeuu rebounding li um the bol'uiu cavity w. ii.. 



Figure 59. Inclination of torpedo axis versus time 
for MBB Dummy with fixed Mark 14 propellers. Notice 
nose-up pitching velocity at entry and rebounding from 
bottom cavity wall. 


Typical records obtained are illustrated in Figures 
59 and GO. For launchings of this type the trajectory 
data indicated a very deep dive. In addition, some 
records have been obtained with fixed propellers 
showing that the dummy rebounded from the bottom 
wall and down again from the top wall. From these 
results it is inferred that the cross force on fixed pro¬ 
pellers is considerably greater than the cross force on 
moving propellers. This is perhaps what might be 
expected since the relative velocity and angle of 
attack on the propellers is reduced when they are re¬ 
volving. In any case, it is probably true that Cu with 
pr,<pv:Uer,j is greater than without propellers. 

As far as is known, the rebounding of the British 
tOipeuo has not been proved by observations on a 
full-scale torpedo. However, there are elements in 
find turpidu which if tr>nr» likely fro rebound 

than the Mark 13 torpedo. The nose area of the 
British torpedo is 1.5 times the area of the Mark 13 

lAOsbC, ali i heiiCE the liiOili. lit hoi'difig it ifli tis-, Aft' if y 

wall is greater. In addition, since the British torpedo 


is some three feet longer, a is smaller; thus a smaller 
moment holds the torpedo against the cavity wall. 
There may also be a larger cross force on the British 
propellers than on the Mark 13 propellers. 


6.4.4 Transition Region 

The behavior of the torpedo in the transition re¬ 
gion, that is, 1 ruin Its }'usitioli at I ; lATT V laost'iit. Ti) tin. 



Figure 60. Inclination of torpedo axis versus time for 
MBB Dummy with fixed Mark 13 propellers. Notice 
nose-up pitching velocity at entry and rebounding from 
bottom cavity wall. 


point where it is in practically noncavitating motion 
is about the most obscure part of the underwater 
trajectory. 

Extent of the Transition Region 

The point where this region begins is quite definite: 
it is the location of the torpedo at cavity closure and 
is given approximately by equation (42) and Figure 
45. The point where this region terminates is some¬ 
what arbitrary. The method that will be used to de¬ 
termine it is based on the fact that, after this transi¬ 
tion region is traversed, it is desired to treat the tor¬ 
pedo as though it were in noncavitating motion, 
licr.'x the UrniUKit hji'. of this tnuwitfii. stage will bo 
governed by the fact that the cavitation parameter K 
K* tMcfi ibiti cffttFA-rd; lift wrpt-fR 
is in noncavitating motion. The word “effectively” 
has heen used since water tunnel tests indicate that 
an advanced stage of cavitation must be reached for 
the hydrodynamic parameters, especially Cd, to differ 
(mi tlwU vaUmk Ur vttAJUtm ft o- 
tion. Furthermore, since the fins of the torpedo and 
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the control surfaces are very effective in controlling 
the motion when the torpedo is in a noncavitating 
state, the value oi K corresponding to the end of the 
transition region is also determined by the require¬ 
ment that there be no effective cavitation on the fins 
or control surfaces. Having found this value of K* we 
may determine the approximate position of the termi¬ 
nation of the transition stage. Thus 


IC* 


pgh* + Po 


Now roughly 
and 


•IpO ’*) 2 
h* = s* sin 8 C , 

1^*1* #c) 


where s,. is the position ot the torpedo at cavity elos- 
sure and is given by equation (id), k” is given by 
k" = C D " (pA/2Af ), where is the average drag co¬ 
efficient in this region. P r , (he pressure in the (closed) 
cavity, is not known and this point will be discussed 
later. However, the length ol this transition Stage 
(f* _ s ) is relatively insensitive to changes in P c ■ It 
is therefore assumed that P c = Po- Hence we may say 
that, the transition stage terminates approximately at 
the distance s which satisfies the equation 


K* P 17- e 2,K ~ Tt) ’ c e~ 2rs ’ = pqs* sin 6,. (52) 

2 


For example, from water tunnel tests it appears 
that for the Mark 13 torpedo K* ~ 0.35. For 8 C 
'Jit', y„ = 35(J and 000, it was found s r = 77 ft and 
101 ft. Using for k" the value based on Ci, = 0.25 it 
4s (7gi*id (led ihutm- ponding to the end of the transi¬ 
tion region is 113 ft and 145 l’l, or only 30 if and 44 It 
after cavity closure. 

At cavity closure some air is entrapped with the 
torpedo. It appears that, due to the fact that the 
cavity closes in on the air surrounding the torpedo 
and since this air is at a depth corresponding to a 
considerable hydrostatic pressure, the pressure of the 
entrapped air tends to rise above atmospheric pres¬ 
sure Pa. At the same time some of the entrapped air 

. i i • 1 !.. a1 __ +Ue nlnoofl no 

is Doing entranieu in tut; >\divo ul 
and transported away. This phenomenon tends to 
diminish the pressure in the cavity during this stage 
of the motion. In addition, the cavitation parameter 
K is still sufficiently low so that the torpedo is cavi- 
tating, and as the torpedo moves along this tends to 
increase somewhat the volume of the cavity. By 


cavitation is meant the phenomenon whereby the 
pressure around some part of the torpedo falls to the 
Value ui tlw vapci procure of the we h r (dm to th. 
velocity being sufficiently high) so that local vapori¬ 
zation of the water immediately commences, and 
ceases only when the pressure is greater than the 
vapor pressure of water. It is clear that the pressure 
cannot tal! below the vapor pressure ol waiei. 

Thus it is clear that there are a number of effects 
tending to alter the pressure in the cavity, and it is 
difficult to say which one predominates. It is be¬ 
lieved that the net result is that the pressure in the 
cavity may perhaps increase a small amount after 
cavity closure. This probably does not affeet the 
motion significantly. Earlier in this section, in order 
to find the distance to where the torpedo is effec¬ 
tively iii iH,iu uv jl Aii.g Ttdkt it, '.'."'V* i 1 * 1 **ini.vsi tint 
during this stage P c = Pa- This appears sufficiently 
accurate for such a calculation since the distance is 
relatively insensitive to changes in P r . 

The mechanism by which the air or cavitation 
cavity is c aTlTcA STW# tt f AvT <* *UU 

obscure. It may be that small bubbles are entrained 
and carried away in the wake. 

It appears from what has been said that the volume 
of the closed cavity diminishes since the pressure 
tends to increase and the mass of air in the cavity 
tends to decrease. Hence we may expect that the 
cavity width at the torpedo tail will probably dimin¬ 
ish somewhat. The magnitude of this change in the 
cavity width at the torpedo tail is not known pre¬ 
cisely, but as a very rough approximation the expres¬ 
sion for the cavity width at the torpedo tail used 
previously might be used here and apply also to the 
short transition region. At the conclusion of the 
tiansitioh region «„ us ftswurod to lx Ui i hr npiyy'irer- 
hood of the value at tire beginning of the region. It 
appears from water tunnel tests that, for K ~ 0.25 
there is a linear relation between the maximum closed 
cavity diameter and the radius of the hemispherical 
nose, as is expected from equation (51), where at a 
given cavitation parameter y is seen to be a prac¬ 
tically linear function of r s . This point lends further 
support to extrapolating the cavity width equation 
to the transition region 

A consideration of the forces on the torpedo during 
this stage of the motion indicates that any attempt 
at estimating their magnitude other than by experi¬ 
ment leads to almost unsurpassable difficulties. The 
expectation is that during the earlier part of this 
transition region Cd is approximately the same as in 
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the stage with the open eavity, since P c = Po, and 
that the flow has not yet reformed on the afterbody. 
As the torpedo progresses duiing this stage, the cavi¬ 
tation parameter K increases until the cavity no 
longer envelopes the entire torpedo but begins to 
close in and the flow to reform on the afterbody. As 
soon as this occurs it is clear that a sudden reduction 
in the value of Cd vv lh result since there tritt he ptes 
sures acting on the tapered afterbody of the torpedo 



K- 0.25 


C D , it should be noted from Figure 62 that Cd does 
not increase significantly for the Mark 13 toipedo 
without propellers until K ia well bv.hjw the value for 
incipient cavitation. 

The difficulty with the experimental approach to 
the problem is that with most apparatus one cannot 
reduce K sufficiently to reach the value existing dur¬ 
ing %hfc T1 us th he + inning of 

the transition region K = 0, and at the end of the 



K- 0.78 


Figure 61 Illustration of change of flow in water tunnel about a 2-in. model of the Mark 13 torpedo with decreasing 
cavitation parameter, K = (F„ - Pc)PApV for a pitch or yaw angle of 6 . 


in the opposite direction to the drag forces. Henee it 
is expeeted that the resultant drag foree will continue 
to decrease as the flow proceeds to reform on more of 
the torpedo afterbody. As an illustration of how the 
flow around the torpedo ehanges with cavitation 
parameter K and yaw or piteh angle, Figure 61 is 
inserted. These are photographs of models in a water 
tunnel. It is elear that the size of the eavity increases 
for decreasing K. Calculating the value of C D is 
therefore seen to be nearly impossible due to the laek 

r l_1—1 lvnnlr nroooiirou 

(J1 KIlUWICUgL L»I + 

For the Mark 13 torpedo it appears from both full- 
seale and water tunnel results that Cd decieases din¬ 
ing the transition region. Thus Cd, as defined by the 
relation C D = -(2 M/pA) (dV/dt), diminishes from 
about 0.45 to approximately 0.1 in this small transi¬ 
tion interval. In connection with the magnitude of 


stage K has a value K* which will be different for 
each projectile. As will be seen h.* 9.35 for the 

Mark 13 torpedo. Thus most of this stage of the mo¬ 
tion is difficult to duplicate. There is some promise in 
apparatus now being constructed of ability to meas¬ 
ure the forecs and observe the cavitation for very low 
values of K, theoretically, almost down to K — 0. 
Some investigation of the forces aeting on various 
torpedo bodies has been earried out in the variable 
pressure water tunnel at the CIT Hydrodynamics 
Laboratory. The essential results obtained are given 
in Figure 62. From these figures it is seen that pre¬ 
cisely in the region of greatest interest (low K) the 
coefficients C M , C c , and C D (for the Mark 13 torpedo 
body) vary so rapidly that extrapolation is unreliable. 
The precision of the results is not entirely known. 

The value of K* was ehosen on the basis of photo- 


CONFIDENTIAL 















102 


WATER ENTRY 


graphs of the flow about the torpedo in the water 
tunnel for various values of K. From Figure 62 we 
might expect that roughly K* = 0.35. Actually it 
would be necessary to measure effectiveness of fins 
and control surfaces as a function of K and to ascer¬ 
tain from these tests what value to use for K*. How- 
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mately its value in still water at the end oi this stage. 
In addition, it appears that during this stage the tor¬ 
pedo continues to roll with a somewhat decreasing 
angular velocity due to some damping moments. 

Since the magnitude of the forces acting on the 
torpedo during the transition stage is obscure, the 
trajectory of the torpedo during the transition stage 
may be taken, in a first approximation, to be a con¬ 
tinuation of the trajectory in the open cavity stage 
and may be roughly described as a curve with in¬ 
creasing radius of curvature. 

For the value of a at the end of the transition re¬ 
gion one may use as a first approximation the a dur¬ 
ing the open cavity stage. However, there is some 
evidence pointing to a smaller value. First of all, 
from Figure 46 we see that a u , decreases considerably 
and quite rapidly during the transition region since 
it depends on a term of the form se k \ Secondly, from 
Figure 62 which gives an indication of the approxi¬ 
mate static moment coefficient of the forces on the 
torpedo, there are indications that there is close to 
zero moment on the torpedo at K ~ 0.25 and <5 = 3. 
Based on these considerations it can be indicated 
that toward the end of the transition region a for the 
Mark 13 torpedo is approximately 5°. 



Figure 62. Cm, Cc. and C D versus K for various nose 
shapes. Measurements on a projectile 7.18 calibers in 
length with center of gravity 42 per cent of the length 
from the nose. 

ever, with the present apparatus it is not feasible to 
run such tests. For calculations involving C D during 
the transition stage, the mean value of Co (and hence 
K) during this stage is used, namely, Cr> = 0.27. I his 
Co is the mean between the open cavity value and the 
value at the termination of this stage. 

During this transition stage, as the torpedo makes 
increasingly better contact with the water, the buoy¬ 
ant force on the torpedo increases from its value of 
close to zero in the open cavity stage to appruxi- 


CONDITION OF THE TORPEDO WHEN EFFECTIVELY 

in Noncavitating Motion 

At the end of the transition region the torpedo is in 
the initial state for the subsequent run. The speed is 
given by 

V — V e k "’>, 

The pitch angle will be determined by the nose 
shape (cavity width) and the values of 9 e , V e , and 
and critically by If a, is more r can-up than «, the 
pitch angle at this point will be roughly the same 
number of degrees nose-down. For example, with the 
Mark 13 torpedo it was determined that at this point 
a = 5° nose-up for a r > a c , while <7 — — 5° for a, < a c . 

The yaw angle will also depend on these variables. 

The roll orientation clearly depends on 6„ and 6 r , 
as well as i/v, and the propellers. It is probably correct 
to say that any orientation is equally likely with the 
probability that the torpedo is a little closer to right 
side up than upside down. 

The condition at cavity closure of the torpedo for 
which a e = a e (so that the torpedo never really 
strikes the cavity wall) has to be considered a little 
more in detail. Thus for a torpedo entering in this 
niiUAiei v e can i and y. \^j , 7i~i ci . h hifhfits 


CONFIDENTIAL 





MOTION OF TORPEDO IN CAVITY AND WHILE CAVITATING 


103 


tions are that these remain fairly close to zero. The 
tail of the torpedo docs not touch water until the 
cavity closes in about the torpedo. It must then be 
determined at what distance \/a 2 + ft = the angle 
of the cavity. Up to this point, C D corresponds to 
C Dn as given in Section 6.3. Hence, up to the distance 
S where the cavity closes in around the torpedo, the 
path is straight for a hemispherical nose, and, from 
that point to the end of the transition region, it is 
curved, depending further on whether the torpedo is 
toward the top ui bottom cavity wall. 1 or the limit 
ing case of a, — a c , 0* = 8 e , a* — a e , D = s* sin 9 e . 
Clearly, if the cavity is closing in about the torpedo, 
the distance (s* = .S') is going to be relatively small. 
From the methods presented for handling the under¬ 
water trajectory, it .s clea, that tl -Se Tl.ti 
cases can be calculated. 

6.4.5 Further Research and Exjjeviment 

during the Open Cavity Stage 
and Transition Region 

Despite the fact that a fairly clear J*- 

RCnption of the torpedo behavior during this stage of 
the motion has been presented, the quantitative re¬ 
sults are very uncertain. 

It appears that future research could determine 
some of the fundamental quantities considered. To be 
more precise, future study of the water entry of toi- 
pedoes should attempt to obtain with greater preci¬ 
sion the C D , (tail drag coefficient) value during the 
open cavity and transition stage for various tail 
structures. Similarly, the value of C u (tail lift coeffi¬ 
cient) is of importance and should be tabulated for 
various types of torpedo tails. 

Presumably, on the basis of the theory presented, 
these coefficients might well determine the under¬ 
water trajectory of the torpedo during this stage of 
the motion. However, the cavity shape also enters 
into these considerations, and the theory of the cavity 
shape is only approximate. Hence during this stage of 
the motion the importance of a more precise theory 
of cavity shape is clear. It is especially important in 
the transition region since the pitch angle at the end 
of the transition region could then be determined. 

If the value of the radius of curvature were known 
with some degree of precision or if a were known, then 
Cu could be determined. 

The most promising approach to practical results 
appears to be of the experimental type. Two general 
attacks appear hopeful. In the first method, observa¬ 


tions are made either on full-scale torpedoes with 
recording apparatus or on reliable models with 
cameras. From these observations C d, R, and <5 may 
be determined and hence Cut and Cu ■ The second ap¬ 
proach is to obtain sufficiently low cavitation param¬ 
eters in some water tunnel arrangement so that in 
this tunnel the forces and moments on the torpedo 
may be measured and the coefficients then deter¬ 
mined directly. 

As far as the cavity shape is concerned, the present 
kinematic theory may prove adequate. However, 
further experimental verification and research on the 
constants in the equation is necessary. Particular 
attention must be paid to the cavity shape during the 
transition region. Thus future research should obtain 
the bttBw entering inUi rV equations of 

motion C D t and Cu', as well as the change in cavity 
shape during the transition region. This will deter¬ 
mine the motion in this stage and the condition of the 
torpedo at the conclusion of this stage. The condi¬ 
tion of the torpedo at the conclusion of this stage to 
a large extent determines the subsequent motion. 

Modeling 

The study of water entry by means of small-scale 
models is very attractive since underwater trajec¬ 
tories and many details of behavior may then be ob¬ 
served at a comparatively small expense. 

The conventional method used for studying water 
entry is Froude modeling. By this method the scale 
factor for length of the model <S; is the square root of 
the scale factor for time S t , or Si = -\/Sf. As a conse¬ 
quence, accelerations on the prototype and the model 
are the same. This may be seen from the fact that 
accelerations have the dimensions l/f on the proto¬ 
type and Si/m* ~ on the small model. As a re¬ 
sult the effect of the acceleration of gravity (or the 
weight) is properly modeled. 

This type of modeling has appeared to give realistic 
results in studying the water entry of blunt nose anti¬ 
submarine weapons and, in fact, for most projectiles 
studied in the past. 

However, in the fall of 1944 the illusion of the uni¬ 
versal success of a Froude model was shattered. As 
part of a program for studying head shapes, the CIT 
Morris Dam Group studied the water entry of a finer 
shaped nose than the hemisphere fitted to the Steel 
Dummy. With this fine nose the dummy actually 
dove to the bottom with a 4° nose-up pitch rather 
than having the expected shallower trajectory. Then 
the CIT-TLR fitted this head to a full-scale dummy, 


LOiMIDLinHAL 



104 


WATER ENTRY 


and the trajectory was of the rapidly upturning type 
until a pitch angle of 1.5° nose-down was reached. 
Hence an important violent discrepancy between full- 
scale and model trajectories was observed. This ap¬ 
peals to be the first time that Froude modeling was 
noticed to be markedly unsuccessful in modeling 
water entry. The recognition of this fact appears to 
be a major step in the study of modeling, and the 
means of correcting this defect is the major problem 
ivhl.h Stitt ttpfce&W to solu¬ 

tion. The discussion of the discrepancies, their causes 
and methods of partial solution are best considered 
under the various stages of entry. 

Flow-Forming or Whip-Producing Stage 

In the light of the theory presented in Section 6.3, 
one might expect that the reason why the model dove 
when it was expected to turn upward should prob¬ 
ably be due to the fact that the whip at entry was not 
properly modeled. Hence, it was decided at the 
Morris Dam Group that the whip at entry of the 
models should be studied. To this end an optical 
whip recorder was designed whereby the whip at 
entry of the models could be measured. The results 
obtained by this recorder indicated that the whip of 
the models was radically different in many respects 
from the prototype whip. 

It is remembered, from Section 6.2, that the proto¬ 
type exhibits a large nose-up whip which varies as 
the first power of the entry velocity, or the whip di¬ 
vided by the entry velocity was a constant indepen¬ 
dent of the entry velocity. On the models the follow¬ 
ing startling results were observed: 

1. At a Froude prototype velocity of 475 ft per sec 
the whip of the model of the Steel Dummy was only 
about one-third of the whip of the prototype, thus 
indicating why the trajectories were different from 
the prototype and the critical pitch results smalloi. 

2. At this same velocity, with the finer nose on the 
dummy, the whip at entry was actually nose-down 
instead of the very large nose-up whip observed on 
the prototype. 

3. In addition, on the 1-in. model of the Steel 
Dummy the whip was observed to increase as the 
square pUlxueidry velocity, ”’bib» with tho finer nose 
it increased very much more rapidly than the square 
of the entry velocity. 

Jftiese lBsidts hRfitvk aV 1 * 

affairs in the modeling of the water entry of finer 

noses. 


The next obvious question was what caused this 
very anomalous behavior of the 1-in. Froude model. 
Clearly, a different set of forces was controlling the 
model behavior than was controlling the prototype 
behavior. This is perhaps most clearly seen from the 
very large dependence of the whip on entry velocity. 

It was evident that a large nose-down lift was 
Tiding on the torpedo nose ckwirg tl-e ' 11 J 2 
stage, and the various possible causes of this nose- 
down lift were systematically investigated. These 
investigations are reported in reference 14. i he result 
of this study indicated that the cause of the nose- 
down lift appears to be associated with the narrow 
air space which exists when the flow separates from 
the finer shaped noses. There is a pressure drop in 
this narrow air space due to the viscous flow of air 
in it. 

For the 1-in. model the Reynolds number in this 
space is estimated to be only around 5. Rough calcu¬ 
lations indicate that due to this viscous flow of air 
the pressure reduction on the underside of the nose is 
of the order of J4 atmosphere, while on the top side 
of the nose is roughly atmospheric pressure. It ap¬ 
pears that the downward lift force on the nose de¬ 
pends on the area and thickness of this laminar space 
between the solid and liquid and hence on the curva¬ 
ture of the nose, as is expected from the anomalous 
behavior of the finer noses. 

Generally, it appears that the magnitude of the 
down lift varies with the Reynolds number. The 
ratio of the down lift to the normal nose-up lift caused 
by the hydrodynamic V- forces should decrease with 
increasing entry velocity and size as well as probably 
with decreasing density of air. 

These contentions are supported somewhat by 
photographs of a launching ol the finer head. One 
photograph is illustrated ill Figure 63. On this photo¬ 
graph is clearly seen the fact that the water tends to 
“stick” to the underside of the nose. This is in marked 
contrast with Figure 4 in which the flow separates 
from all parts of the model nose. 

In order to equalize the pressure in the air space on 
the underside and top side of the nose, a scheme 
which has proved moderately successful is known as 
“venting.” By this method, holes are drilled in the 
torpedo model which permit tree passage of air from 
the underside to the top side of the nose. As a result 
the ressure in the air on the underside of the nose 
tends to be the same as on the top side of the nose, 
which is the desired result. Many types of venting 
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were tried using different shape and size holes and 
grooves. One fairly successful vented model in whieh 
the nose alone was vented is illustrated by the nose 
in Figure 65. (The other vents in this figure will be 
diseussed subsequently.) 

With this type of venting the model whip more 
nearly duplicated the prototype whip, although the 
problem is still far from being completely solved. 



Figure 63. Water entry of unvented fine nose 2-in. 
model of Steel Dummy. Notice water ‘ sticking” to bot¬ 
tom side of nose. Compare with Figure 4. 


With venting, the model whip reached the value of 
only 70 per cent of the prototype whip. However, 
even with venting, the whip increases faster than the 
first power of the entry velocity, whieh is still in dis¬ 
agreement with the prototype results. 

The results obtained with the Steel Dummy (with 
the Mark 13 nose) arc illustrated in Figure 64. From 
this figure the discrepancy with the prototype is 
notieed. 

Another troublesome point that was observed is 
that with the 2-in. model, which, since it is larger, 
should more closely duplicate the prototype whip, 
actually exhibited a smaller whip than the 1-in. 
model both when unvented and when vented. 

Thus it is seen that, although much progress has 
been made in understanding the modeling of the 
entry whip, the state of the problem is still far from 
being satisfactory and discrepancies with the proto¬ 
type results still remain. However, with blunter noses 
and with heads possessing discontinuities small 
models will probably not exhibit this very anomalous 
effect to any marked extent. 

From the present understanding of the cause of 


the smaller whips in 1-in. models, one might expect 
that the modeling will improve with increasing entry 
velocity, thusindieating that stress modeling (S, = S t ) 
is perhaps much better than Froude modeling during 
the flow-forming stage. Decreasing the density of the 
air also seems to be a step in the right direction. 


Up to Tail Slap 

The lack of modeling of this stage is probably due 
to lack of modeling of the entry whip. 


Cavity Behavior and Trajectory after Tail Slap 
In the oblique entry of 1-in. models surfaee closure 
is practieally always seen to occur. This may not be 
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ENTRY VELOCITY IN FT/SEC 

Figure 64. Whip/entry velocity of prototype 
l-in. model Stool Dummies versus entry velocity where 
e, - 19°. Points represent averages of a number of ob¬ 
servations. 


the case on full-scale launchings, however, as yet no 
data on this point exist. It is observed that in the 
l-in. model launchings the cavity appears to persist 
very much longer than what is believed, and some¬ 
times seen, to occur on the full scale. In l-in. vented 

--4-U,~ zioTTiltr id oomai-imoc CPDT1 t.O 

AilCllinj^o, dIIc; Lyo.- 15 - ..*■".. 


muuei muiicimigo, 


» T ir 
V It 


persist even to the broach of the model. The reason 
for this difference has not been investigated by the 


Morris Dam Group. 

The trajectories after tail slap of the l-in. Froude 
model were seen to dive after traversing about the 
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first seven torpedo lengths despite the fact that the 
torpedo struck the bottom cavity wall and started to 
turn up. This is not a weight effect since the velocity 
is too large, and it differs very markedly from the 
prototype where the trajectories turn up. 

This behavior appeared to improve (differ less from 
the prototype) the larger the entry velocity. 

The cause of this behavior appears, as before, to be 
a down lift on the torpedo during the cavity stage. 
Hence the same remedy, namely, venting, was tried, 
"whereas, before, only the nose was vented to improve 
the whip, now the entire torpedo was vented, as 
illustrated in Figure 65. The result was a marked im¬ 
provement in the subsequent underwater trajectory. 
Before the rest of the dummy was vented, the model 



Fkh're 65. Illustration of the 2-in. vented model of 

CIT Steel Dummy. 

appeared to dive, and, after the venting, it actually 
Broached. However, as in the uhip. uit stArttion nas 
not complete. The trajectories depend on velocity, 
and for a Froude prototype velocity of about 300 ft 
per sec even the vented models dive while the proto¬ 
type continues to turn up. 

Conclusions 

The study and results of modeling indicate that 
effects which may truly be regarded as second order 
in prototype actually become first order for small, 
fine nose Froude models and hence cause very large 
discrepancies between the model and full-scale re¬ 
sults. 

For blunt noses or nose with discontinuities, much 
more faith can probably be put in the Froude model 
since the fine air space no longer exists. 

The modeling of fine noses has definitely been im¬ 
proved by venting; however, experimental results 
clearly indicate that the problem is far from a satis- 
«urnpk%e * AwU. *1 KeMle WffiM FtttuU 
model results must be used with a great deal of 
caution and experienced judgment. 


6.5 RECOVERY STAGE 

6.5.1 Introduction 

During this stage the torpedo is in effectively non- 
cavitating motion and is decelerating down to its 
running speed if it is powered or decelerating down to 
zero speed if unpropelled. If the torpedo is controlled, 
it will tend to return to the set depth and direction 
for its steady run. With the ordinary controls now in 
use, if the torpedo has rolled (as it generally does), a 
hook results, but it finally heads in the direction as 
directed by the gyro. 

During this stage we know the equations of motion, 
and their solution is relatively simple. It appears that 
the motion of the torpedo can be predicted by the use 
of eight hydrodynamic constants together with a 
knowledge of the eontrol mechanism. The subse¬ 
quent discussion is equally applicable to torpedoes 
without controls, with fixed controls which are ideal, 
or with actual control systems. The specialization to 
ideal and actual controls will be given a little later. 

6.6.2 Assumptions and Equations of Motion 

Assumptions 

In the general case, the torpedo is at a roll angle 
<p(s ) and possesses a rolling angular velocity so that, 
at the hegiTUrfiig, A this "Stage the tuition, the 
orientation about its longitudinal axis may be de¬ 
scribed by some roll angle and angular velocity. 
During this stage ot the motion the controls, if they 
are operating normally, will call for hard up elevators 
since the torpedo is well below set depth. If the con¬ 
trol includes a pendulum, it will be against the for¬ 
ward stop due to the deceleration of the torpedo, and 
this also will call for an up elevator. The vertical 
rudders, during the earlier part of this stage, will be 
hard over in a direction to prevent a change in head¬ 
ing due to the effect of the elevators in the horizontal 
plane that is associated with the roll displacement 
4>{s) and due to the initial heading error (at the be¬ 
ginning of this stage) arising from the fact that the 
torpedo may have gone to one side of the cavity in 
iiie previous stage anil may therefuie he pursuing a 
curved path. Clearly, if the torpedo is without con¬ 
trols (like rockets and the Steel Dummy), the effect 
<1 mil to till oh u « durtrjq: attfp will be prac¬ 

tically negligible. In view of the fact that the ele¬ 
vators are hard up, at least until the torpedo reaches 
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a depth, inebriation, and speed at which the controls 
call for a different elevator angle, it may be assumed 
that during the earlier stages of the motion the ele¬ 
vator angle £ has a constant value £ 0 , corresponding 
in tin limit i tlm upiliAtjOur a & u lb the 

particular ease that the torpedo has no eontrols. Simi¬ 
larly, the vertical rudder angle 5 has the constant 
value <5 0 corresponding to the maximum rudder throw. 

In Seetion 7.2 the equations of motion are derived 
for a torpedo in the steady state, whieh is right side 
up, (<£ = 0). Strietly speaking, the equations are de¬ 
rived either for a torpedo for which <j> = constant = 
0, it 2, x, 3x/2. The general case is to be considered 
here of a torpedo at a roll angle <p(s) which is not 
constant. For a first approximation the roll will be 
introduced as an independent effect, assuming that 
the roll influences the motion of the torpedo only 
through the changing components of the elevator and 
rudder forces and moments. This assumption is prob¬ 
ably accurate enough for a first order theory, pro¬ 
vided the torpedo is somewhat symmetrica). Gener¬ 
ally, torpedoes are composed of a body whieh is a 
solid of revolution with perhaps an appendage whieh 
is rotationally symmetrical like the shroud ring so 
that the body has an infinite number of axes of sym¬ 
metry. To this body are generally added the fins and 
eontrols. It is the latter two apn-mdages which, if 
they are present, eause the torpedo to deviate from 
a body of revolution. For a torpedo with four fins 
which are equal in area, the torpedo appears the 
same when rotated through 90°, 180°, 270°, and 300° 
angles; in other words, the torpedo then has a four¬ 
fold axis of symmetry. With controls there is gener¬ 
ally only a twofold axis of symmetry. In the assump¬ 
tion mentioned above it is assumed that, for example, 
in the horizontal plane the hydrodynamic coefficients 
of the torpedo (excluding controls) are to the first 
approximation insensitive to changes in roll orienta¬ 
tion 4>. The error in this assumption is not very great 
and certainly decreases with increasing rotational 
symmetry. Thus, in this first order approach, the 
equations developed in Chapter 7 may be used if the 
effeet of both elevators and rudders in the vertical 
*",d ho-’-rmtal pk.nos is cnnmdcrccl For example, lot 
the elevator against the bottom stop and the vertical 
rudder against the side stop, the lift coefficient in the 
vertical plane when the torpedo is rolled through an 
angle <f> would be given by 

— -► — o cos 4> — C\ r S o sin <f>. 


In Chapter 7 no account is taken of changes in 
speed of the torpedo sinee only the steady running 
state is considered where speed changes are negligible. 
As a matter of fact, even the very large deceleration 
dwkig the reenvefy effect:: tie mutton only a.- 

it affects the eontrol meehanism. This is true beeause 
of the assumption that all of the forees are propor¬ 
tional to the square of the instantaneous velocity and 
independent of the acceleration. 

The only exception is the ease of the gravitational 
forees and moments. These lead to the terms 

2(1 V-R) . 2aB 

-- and - 

pA V 2 P A T 2 

so that they become more important as the velocity 
diminishes. 

If the thrust of the propellers were independent 
of the velocity it would be possible to write 

MiV V' =-C D — ( T 2 - V r ~), (53) 

2 

where T r is the running speed. Some observations 
have led to the value of Cp — 0.45 based on this 
conation This is obviously too large a value to repre¬ 
sent a true drag coefficient and it must be concluded 
that equation (53) does not really represent the true 
situation. 

That equation (53) is ineorreet is really quite 
understandable for the thrust of a propeller depends 
upon its motion through the water. If the torpedo 
is moving faster than the speed corresponding to the 
propeller rotation, the propeller might even produce 
a drag instead of a thrust. A good estimate is prob¬ 
ably obtained by neglecting the propeller altogether 
and setting 

M,VV = -C d ^-Y* (54) 

2 

as long as F > V r and treating V as constant after it 
gets near the value I ' r . Then 

n'V- B) = 2(1F - B) c^s 
p-4 V 2 P A IV 

until 

e M ‘ = —-, 
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Equations of Motion 

With all these considerations the equations of mo¬ 
tion in Chapter 7 when the torpedo is rolled through 
an angle <j>(s ) and decelerating become: 

Vertical Plane. 


since it depends on the roll velocity at the beginning 
of this stage and on the damping in roll of the 
torpedo. 

In order for equations (56 and 57) to be amenable to 
analytic integration <j> must be expressed as a linear 
function of s. If this cannot be done, the equations 
may be integrated numerically. The fact that with 


mQ T niiot' T fV = — C*,£o cos <p C\8o sin 4> 


Cn 


pA 


+ 


2 (IF - li)e 

pA F 0 2 


(56) 


nil 1 + C K fI -f C„,ot = o cos <fi + C„,8 0 sin 4> 

2 Bae 

H-. _ 


(57) 


where it has been assumed that cos 8 = 1. 


Horizontal Plane. 

(essentially replacing (5-+4*) 

ntoi -f- m 24'' + Ci4> = C\£ osin<£ — Cxfia cos <f >, (58) 

nw + Ca-co + Cn,4> — — sin 4> + C M ,6 0 cos 4> ■ (59) 


Roll, 4>(s) . 

In order to obtain a solution of these equations, 
it is necessary to know how </) varies with s. To 
obtain this dependence it appears that one must 
revert to experiment. In the case of the Mark 13 tor¬ 
pedo with a shroud ring, the torpedo rolhfippears to 
attenuate exponentially from a maximum value at 
the beginning of this stage of motion. Without the 
shroud ring the roll continues to increase for a dis¬ 
tance of about 250 ft and then begins to damp out. 
A possible explanation for this behavior is that the 
shroud ring increases the effectiveness of the fins so 
that they arc able to damp out the motion more 
rapidly. A typical curve of roll angle versus distance 
is given in Figure 66 for the Mark 13 torpedo with a 
shroud ring when entering right side up and upside 
down. This is the second effect of the shroud ring on 
the Mark 13 torpedo that has been encountered. The 
first effect discussed in Section 6.4 was to increase the 
tail lift and hence to increase the radius of curvature 
of the path in the cavity stage and to decrease the 
mean pitch and yaw angles. For torpedoes without 
controls, no knowledge of the roll is necessary in this 
approximation. In general, the roll angle as a func¬ 
tion of distance must be obtained experimentally 



Figure 66. Roll of Mark 13 torpedo with shroud ring 
versus distance from entry. 


the shroud ring the roll seems to attenuate exponen¬ 
tially indicates that the motion is over-damped. 
Hence it might be expected that <f> = <t> oe _ ° a . Then 
as this expression is expanded and two terms retained 
thus 

</> = 4>o (1 — as ), 


where 0 O is the roll angle at the beginning of this 
stage and a is obtained from the slope of the curve of 
4>(s) in Figure 66 (s is in torpedo lengths). It appears 


, _ OA O 

VO OKJ 


1 O k rlruwnnc: /fnrnoHr 

' ..... . 


length and for tj>o = 150°, atpo = —21.5 degrees tor¬ 
pedo length, approximately a = 0.14 per torpedo 
length. 

This approximation must be treated somewhat 
differently without a shroud ring since there is a 
very small attenuation of roll. Clearly, it is also ap¬ 
plicable to torpedoes without controls. 
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Then, writing 

A i = Cx„fo cos <j> o, 
A 2 = Cx.fi) sin 4>q , 
A $ — CV.fi cos 4>o , 
A 4 = CV.5 0 sin 0 O , 


A / = Cx.fi cos <fi, 
A 2 = Cx.fi sin <fi, 
A 3 ' = £V r 6 0 cos <pn , 
A / = C/,, 8 0 sin <j> 0 , 


the equations of motion become: 


mcnt that a necessary and sufficient condition for 
the equations, 


m!ij + ( m 2 pi + Ci)on = 0 , 
(npi + Ck) + C m cii = 0 , 


to have a nonzero solution is that the determinant of 
the coefficients of a; and Sl { must vanish. Hence 


Vertical Plane. 

mQ + W) 2 a' + C/a — — (A 1 + A 2 ) cos (as<fi) 

r ? /1 « 

2 ar — B)e m > 

(.4 2 - .4 2 ') sin ( as<t > 0 ) + —-——-, ((50) 

pA TV 

nil' -\- C a" 51 4“ C m a; ~ (A 3 + .4 4 ') cos (us 00 ) 

„.. Cd p —4 

, . , , .. . , , , xnae m > 

+ (A 4 — -4 a) sin (as<j> 0 ) -\ -- (61) 

pA TV 

Horizontal Plane. 

mw + m 2 \p' + Crf = (A 2 — A\) cos ( as </> 0 ) 

— (A 1 + A 2 ') sin (as<fi), (62) 

)iu/ + f/iW + C/jxf/ — —(.4 4 — .4 /) cos (as<j>o) 

+ (A 3 -f- . 44 ') sin (as<j>n). (63) 

Those equations arc integrated up to a value of 5 
such that <t> = 0 , at which distance the torpedo is 
right side up. Since the motion is over-damped, from 
that position onwards 4> ~ 0. Hence at the value of s 
such that <t>(s) = 0 the new equations of motion are 
dealt with, which are the same as the ones up to this 
point, except that it is assumed 4> — 0 on the right 
side of equations (56) to (59). 

Solution of Equations of Motion 
The general solution of the equation is: 

Vertical Plane. 

£1 = + ft 2 e v *’ + cos ( <p 0 as ) + :'q sin ( <poas ) 

+ SIbC 7 '’ + , 

a = aie p ' s + a 2 e VtS + <*3 cos ( foas ) + a 4 sin (<£o«s) 

+ a 6 e s + a 6 . 

The value of pi and pn is determined by the rc-,uire- 


_ ( n Ci +nt 2 CK)±\ / ( nCi+m 2 CK) 2 --lnm 2 (CiCK — niC m) 
2 nm 2 

a — 1)2). 

The constants a lt a 2 , fh, and Sl 2 are determined from 
the initial conditions of the motion, oc* and 0* = l/R 
as given in Section 6.4, and also by the equations of 
motion (56 and 57) setting s = 0. Thus a* and il* 
with the equations of motion (60 and 61) at s = 0 de¬ 
termine a t , a 2 , lb, and il 2 . Thus there are really only 
two independent constants since the other constants 
c* 3 , a 4 , <* 6 , «g, to 3 , TT 4 , SI 5 , and il 6 , are completely deter¬ 
mined. Equating coefficients of cos (<jx,as) and sin 
( 4> 0 as) one obtains four equations with the four un¬ 
knowns c* 3 , a 4 , 0 3 , and which may easily be solved, 
thus determining a 3 , a 4 , 0 3 , and 04 - In a similar man¬ 
ner, a b and ih. may be determined from the equations 
of motion simply by equating coefficients of e 7 \ The 
constants om and fie arc determined by equating co¬ 
efficients of the eonstant terms in the equations of mo¬ 
tion. When <p(s ) = 0, the equations of motion become 

mQ + m 2 a + C,a = — (Cxfi — w«) — ifi/V* , 
nil' + Cfcil + C,„a — {Cpi ;0 + tin) — b 0 Fe ‘ , 

where 

_ 2(VP ~ B ) 

W ° ~ pAV*[(<t> = 0 )] ’ 

g _ 2 Ba 

0 “ pdFnv =¥1 ’ 

anu (C \fi — tc 0 ) and (C,,fi + 60 ) are constants. 
V 2 [(<t> = 0)] means V 2 evaluated at the value of s 
where 0 = 0 . 

Then the general solution is 

a — aie p t‘ + a 2 e p ’ s + a 3 e‘ + a 4 , 
il = fiie "! 8 + Q 2 ew + il 3 e 8 + Qt . 
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The constants of integration may be obtained as out¬ 
lined earlier. 

Then, since d = a + d, the change in depth is given 
by 


An actual control system usually includes a pen¬ 
dulum, and in a system similar to that in the Mark 13 
torpedo 

£ = $r - HP + X ) - ah , 


D 


= Do —J' sin (a + p)ds ~ Do —J" 

-1 


s(<t> = 0 ) 


>(<fi = 0 ) 


(a + P)ds 
(a + P)ds , 




x — .r 0 + / cos (0 + (3)(Is ~ ,r 0 + s , 


where /3(s) 


= fk+ f 


Qds and D 0 is the depth at the 


beginning of this stage of the motion (or at the end 
of the transition stage as given under Condition of the 
Torpedo When Effectively in Noncavitating Motion in 


Section (5.4.4. do may also be obtained from Condition 
of the Torpedo When Effectively in Noncavitating Mo¬ 
tion, Section 0.4.4. Thus do = 6* — a*. 

It has been assumed that (a + d) is usually small 
enough so that sin (a + d) = <* + d- Thisis suffi¬ 
ciently accurate for upturning trajectories and some 
downturning trajectories. For most torpedoes going 
to the top of the cavity the trajectory angle becomes 
large so that (a + d) > > sin (<* + d) ■ The integration 
can be carried through graphically or numerically in 


such a case. 

In the horizontal plane there is a completely analo¬ 
gous solution, except that ds = = de = 0« = 0. D 

becomes the course deviation in the horizontal plane. 

It is to be noted that in the special case where the 
torpedo docs not have controls Cx£o = CV£o = Cx&> = 
C\5„ = 0 and the equations of motion are very much 
simplified. 


Controls 

Torpedoes with controls possess a control system 
that transmits signals to the elevators and rudders. 
The signals transmitted depend on the orientation 
and the position of the torpedo. Two types of control 
systems may be considered, an ideal one and one 
similar to that of the Mark 13 torpedo. 

We shall take as an ideal system, one in which 


£ = £ r - Xd ~ erft , 

where £ r is the steady running elevator angle, X and a 
are constants depending on the control. 


where X is the angle the pendulum makes in space, 
so that — (d + X) is the angle the pendulum makes 
with the torpedo axis. This relationship between the 
attitude of the torpedo and the elevator position is 
correct only in the case of steady motion. A decelera¬ 
tion will change the reference direction and produce 
a spurious response. Although both of these expres¬ 
sions refer to controls of the proportional type, simi¬ 
lar considerations are also applicable to on-off (two- 
position) controls since they behave like proportional 
controls in many respects (see Section 8.4). 



Fku'RK 07. Theoretical trajectories for CIT Steel 
Dummy for various pit ch angles at entry. 


In the ideal case, the controls govern the elevators 
when the value of £ called for by d and h is not greater 
than £ 0 . Similarly, the controls of the Mark 13 tor¬ 
pedo take over when d and X have the values such 
that j£| £o. This may be obtained from the equa¬ 

tion of motion of the pendulum, equation (I) in 
Chapter 12. 

At this point along the trajectory the equations of 
motion given in Chapter 7 are used, and the value of £ 
as given by the control equations is inserted in them. 
Then the set of differential equations is readiiy inte¬ 
grated . 

In the horizontal plane, the controls of the Mark 13 
torpedo are of the on-off type. Hence the vertical 
rudder is usually over against the stop until the angle 
between the torpedo axis and the gyroscope becomes 
zero. 
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As an example of the calculation of the trajectory 
for a torpedo without controls the equations of mo- 
tiuli in the Vertical and horizontal plane for the C1T 
Steel Dummy can be solved. 

In iht plf ftu Urt 

for 8 e = 20° are drawn for various pitch angles at 
entry in Figure 67. One ease is included where the 
pitch angle at entry is more nose-down than the 



F:qi;»b 08. Theoretical maximum depth of dive 
versus pitch angle at entry. 


critical pitch angle. These trajectories are in close 
agreement with observed trajectories at the CIT- 
TLR In Figure 68 the theoretical maximum depth 
of dive for 6 e = 20°, ip c = 0°, is plotted against the 
entry pitch angle. From this figure the dependence of 
the maximum depth of dive on entry velocity is seen 
to be very slight. 

In the horizontal plane, by theory it is readily 
found that for >pe = 3.5°, = —2°, the lateral course 

deflection of the Steel Dummy at 550 ft from entry 
is about 4U ft, which is Very dose to the observed re¬ 
sults. In Figure 69 a graph is plotted of the theoretical 
- tnrnfrd tt«uH* lot thu l* tk 


plane between the torpedo axis and the direction of 
launching. A fair agreement with experiment is noted. 

By methods outlined, sinulai calculations call be 
carried out for torpedoes with controls whose hydro- 
dytje&nfo QuMteu u «m F* *.im U Ik dL 

the entry whip on the trajectory angle is known, it is 
a simple matter to calculate the depth of dive as a 
function also on the trajectory angle at entry. In the 
absence of precise knowledge of this dependence, it 
could probably he assumed that the variation is as 
the cot Q e for which there is some evidence. 


6.5.3 Description of Motion in Recovery Stage 

tit: S' KRAI. R K H A VIO It 

Generally, the torpedo begins the stage with a large 
pitch angle (nose-up or nose-down) and a yaw angle. 
I'ntil these are reduced to small values so that the 



Fic.urb 69. Anglo in horizontal plane between axis of 

Steel Dummy and direction of launching. 

torpedo is “on its trajectory,” large lift and cross 
forces are experienced. Thus, if the torpedo is on the 
bottom of the cavity, the large initial nose-up pitch 
angle produces a lift force that, counteracts the effect 
of the controls even if the torpedo is upside down. If 
the torpedo is at the top of the cavity, even if it is 
right .side up, the forces due to the nose-down pitch 
continue the torpedo on its downturning trajectory, 
causing a great depth of dive. Thus there is a transi¬ 
tion region during which the torpedo settles down to a 
steady motion, the transients damp out, and the tor¬ 
pedo tends to line up with its trajectory. 

Ill the horizontal plane, since the torpedo possesses 
an initial yaw angle and angular velocity and also 
«*ne» lit Uiepwlo f* gdugt«% tiiUatt* 
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there are forces tending to produce a course deflec¬ 
tion, and the path curves a way from the straight line 
in which the torpedo was aimed. Clearly, this deflect¬ 
ing force and moment diminish for two reasons as the 
torpedo proceeds along its trajectory. First, the yaw 
angle and hence the cross force diminishes; and, 
secondly, the torpedo is righting itself, and the effect 
of the elevators in producing a course deflection di¬ 
minishes as the torpedo rights itself, while the effect 
of the rudders in straightening the path continues to 
increase. As a result of these effects the path curves 
toward the desired direction until it finally straight¬ 
ens out. The net result is a lateral displacement of 
of the path of the torpedo. 

The effect of the controls in producing a hook is 
probably considerably greater than the effect of the 
initial yaw angle that causes the torpedo to ride on 
one side of the cavity. The effect of the elevators in 
producing this hook is indicated by observations at 
the CIT-TLR. On most of the launchings the tor¬ 
pedo is rolled at the beghuim e tmS Stagi A Ihr. 
motion between 0 and -180° (a counterclockwise 
roll). As a result a left hook is expected. However, 
this hook has been considerably diminished, and 
even a right hook has been produced by means of the 
counter pendulum and anti-pendulum. By these de¬ 
vices the elevators are held in a neutral or down po¬ 
sition for a short time after entry. 

Effect of Shroud Ring 

During the open cavity stage it was seen that the 
shroud ring produced an additional lift at the tail and 
thus increased the radius of curvature of the trajec¬ 
tory. This effect tends to create a greater depth of 
dive for the torpedoes on the bottom of the cavity 
and a shallower depth of dive for torpedoes on the 
top of the cavity than is the case of a torpedo that has 
no shroud ring. It also tends to produce a smaller 
hook for torpedoes striking the side cavity wall. 

The principal effect of the shroud ring probably 
takes place after cavity collapse and may be traced 
to the decrease in the effectiveness of the elevators 
and rudders, the increase of the static stability of the 
Mark 13 torpedo, and the increased damping of roil 
which it produces. The first effects combine to in¬ 
crease the turning radius of the torpedo both in the 
horizontal and vertical planes by roughly a factor of 
4 to 5. As a result, the large hook effected by a tor¬ 
pedo without the shroud ring is considerably dimin¬ 
ished since the torpedo turns in a much larger circle. 
Some tests were run with the shroud ring in a posi¬ 


tion somewhat farther forward on the fins than the 
standard position. On the Mark 13 torpedo the for¬ 
ward position of the shroud ring gives the controls an 
intermediate effect and hence an intermediate turn¬ 
ing radius, and probably does not damp out the roll 
as rapidly as the aft position. Hence an intermediate 
value in the number and extent of the hooks for the 
forward position may be effected. All tiwsc conch) - 
sions have been observed in full-scale launchings at 
various naval torpedo stations. 

The effect of the shroud ring on the depth of dive 
may also be explained by the differences produced in 
the hydrodynamic constants of the torpedo. The 
turning circle in the vertical plane is of considerably 
larger radius with the shroud ring aft than without 
the shroud ring and is roughly intermediate between 
these two values for the shroud ring forward. Hence, 
for a given set of conditions at the beginning of this 
stage of the motion, the torpedo without the shroud 
ring will tend to turn up in a very tight circle (or turn 
d..wu ir M is rJknl olvrl while with the rip* it will 
turn up in a comparatively large circle. As a result, 
it is expected that the depth of dive without the ring 
will be less than with the ring aft and the depth of 
dive with the ring forward will be in between. These 
conclusions have also been verified in full-scale tests 
at various naval torpedo stations. 


Broaching 


Many torpedoes emerge from the water after 
traveling some distance beneath the surface. This is 
called a broach. The cause of broaching lies in the 
trajectory during the open cavity stage as well as in 
the torpedo controls. Clearly, if the cavity does not 
close until the torpedo has progressed some distance 
under water and if the torpedo strikes the bottom side 
of the cavity, it will pursue an upturning trajectory 
which has been shown to be roughly circular in form. 


Consequently, the torpedo may emerge from the 
water while in this open cavity stage, as appears to 
be the case in very high speed rockets. In addition, 
even if the cavity closes while the torpedo is still sub¬ 
merged but the torpedo has turned up sufficiently so 

■ 1 1 1 1 .+V>o U'O for if 

xnax ix is neaueu luwuiu me wi uuo •*«-—— 

may also broach. Thus it may be said that broaching 
will depend on the trajectory angle at entry 9 e since 
at cavity closure 6 = 0 e — At? and A 9 is approximately 
constant. In addition, it is necessary for the torpedo 
to be on the bottom side of the cavity if it is to pursue 
an upturning uiajectoi^ , hence bi , u.,btlig wid 
on whether a, > a c or a e < a c . Furthermore, the 
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more nose-up a e the shorter will be the distance to 
tail slap, S, and the less will be 8 at cavity closure. 
Broaehing will also depend somewhat on V, since the 
greater V e the longer the time to cavity closure and 
hence the smaller 8, with a resulting greater tendency 
to broach. These conclusions have been verified in 
model and full-scale tests of bombs. Also, most 
rockets broach, and this may be attributed to small 

8 e and large Ve¬ 
in the case of torpedoes with controls there is an 
additional effect. It has been seen that at the begin¬ 
ning of the stage where the motion is in noncavitat- 
ing water the torpedo is below set depth and deceler¬ 
ating, with the elevators, as a result, hard up. Even 
when the torpedo has reached its set depth it may 
still be decelerating sufficiently that the elevators 


remain hard up with the torpedo coming out of the 
water. It is expeeted that this phenomenon is more 
prevalent the higher V, and has been so observed in 
British torpedo launchings. 

When the torpedo broaches, its heading may 
change as it leaves the water. The torpedo may hook 
in either direction and it also may not rotate about a 
transverse axis in air with the result that it lands 
tail first. In this instance, there is another effeet of 
the shroud ring. Due to the ring there is a restoring 
moment at the tail of the torpedo; when the nose 
emerges this moment tends to give the torpedo a 
nose-down angular velocity so that if re-enters head 
first. In addition, this moment tends to keep the tor¬ 
pedo on course so that the hook is small at broach¬ 
ing. 
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UNDERWATER RUN 


7.1 ESTIMATES OF COEFFICIENTS 

V alues of the drag coefficient Cd, the moment 
coefficient Cm, and the lateral force coefficient 
Cl, defined in equations (3), (1), and (2) of Chapter 
4, can be determined from model tests or from tow¬ 
ing, wind tunnel, or running tests with the full-scale 
torpedo. Because of the inaccuracy inherent in scal¬ 
ing up the drag from model to prototype, Cd would 
probably best be determined from a full-scale run in 
which the propeller thrust was nieasintd by apparatus 
contained in the torpedo. In practice, however, model 
measurements are much easier to perform, and an 
extrapolation of Cd determined in the high-speed 
water tunnel as a function of Reynolds number is 
actually used. 

TVi mfUt&tlk m* 1 '* 1 «v> 1***. 

measured using 1/11-scale models in the high-speed 
water tunnel at the California Institute of Tech¬ 
nology and 1/5-scale models in the wind tunnel at 
Gould Island. Values obtained in these two tunnels 
are not in complete agreement, and it appears that 
the discrepancies increase as the / d ratio. They are 
probably due primarily to the smallness of the par¬ 
ticular forces and moments being measured and to 
the difficulty of correcting for interference between 
model and support shield. 

The moment increases from zero as the attack 
angle increases from zero, linearly at first, and less 
rapidly thiili VhC 1 ,/T b.TgJT aflglfeS. It Iras dhe sign ,k 
an upsetting moment, tending to increase the attack 
angle for small values of this quantity. It is because 
of this that torpedoes are generally regarded as being 
statically unstable; however, as will be shown in 
Section 7.2, this is largely irrelevant to the actual 
dynamic behavior of the torpedo in the water. The 
lateral force also increases linearly with attack angle 
for small aii^les and somewhat faster than linearly 
for larger angles. It has the same sign as the lift of an 
airfoil section: the torpedo tends to translate in the 
direction of the deflection of its nose. Typical curves 
of Cd, and of Cm and Cl as functions of attack angle 
for 0° and 2° elevator (horizontal rudder) angle are 
shown in Figure 1. These are rough provisional values 
I - II'. M V 1 ’i-2 torpedo with and without the 8° 
cone angle shroud ring in the aft position; the vertical 


rudders are about one-tenth as effective as the ele¬ 
vators. The overall length of this torpedo is l = 13.42 
ft, the maximum cross-sectional area is A — 2.75 
sq ft, and the density of sea water is p = 2 slugs per 
cu ft. 

In addition, it is often useful to remember that, 
since the center of pressure of the elevator lift is close 
to the elevator stock, the ratio of the elevator mo¬ 
ment coefficient (C^) divided by the elevator lift 
coefficient (Cx) is given by \/l, where X is the dis¬ 
tance from center of gravity to the elevator stock Btti 
l is the torpedo length. Since for many torpedoes (for 
example, the Mark 13-2) X = 1/2; C^/Cx = 0.5. 
Similar considerations hold for the rudder coeffi¬ 
cients. 

The damping moment and force coefficients Ck and 
r t m* otwi n> *» dtfhcuU L, *«tt< *JU sfcutv Uv» Ur- 
pedo or model must be rotating as well as translating 
through the water. They could, in principle, be de¬ 
termined experimentally from oscillating models in 
the water tunnel, from straight models in a curved 
tunnel or curved models in a straight tunnel, from 
rotating arm or curved rail towing tests with model 
or prototype, or from free turning tests with -pow¬ 
ered models or full-scale torpedoes. The last :s the 
only method that has been used; photographs of cir¬ 
cular runs have been made at the California Insti¬ 
tute of Technology, and depth and roll records have 
been collected from figure running torpedoes at New¬ 
port. it is kvAvttrVid hi ’•at',. ion 7 'A 4rO*w ti wAwGui W 
tween Ck and (V may be obtained from the measured 
turning radius with known rudder angle; it is, of 
course, impossible to determine both of these un¬ 
knowns from a single piece of data. 

In this connection further information may be ob¬ 
tained from a theoretical calculation based on the 
moments and lateral forces measured on models of 
the bate hull and the complete t^jqxedo. It in assumed 
that the damping moment and force arise principally 
from the tail empennage and are due to the fact that 
the attack angle at the tail differs from that at the 
center of gravity by wX/F radians, where X is the dis¬ 
tance from the center of gravity to the center of 
pressure of the empennage (see Section 4.4). The de¬ 
pendence of em, enn% e force on attack ant le an d the 
magnitude of X can be inferred from the difference 
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ATTACK ANGLE IN DEGREES 



Figure 1. Co, Cm, and Cl as functions of attack angle for 0° and 2° elevator (horizontal rudder) angle. 


between the forces and moments experienced by the 
complete torpedo and the bare hull; from these, 
values of C K and C F are readily estimated. The 
British Torpedo Manual (p. 122 of the 1929 edition) 
recommends that C K be increased slightly beyond the 
value obtained in this way to take account of the hull 
damping moment. The following provisional numer¬ 
ical values for the Mark 13-2 torpedo were arrived at 
by considering both the experimental and theoretical 
approaches: for the plain tail, Ck — 0.44, C F = 1.01; 
for the shroud ring tail, Ck — 0.48, C F = 1.10. Inci¬ 
dentally, it appears on the basis of this discussion 
that for conventional torpedo shapes Ck and C F may 
be related to Cm; and Cr./, where the subscript / 
refers to the corresponding coefficient for the fins. 

Up to the present, practically all static testing, like 
the tests run in the water tunnel and wind tunnel 


were made on torpedoes without propellers. It is a 
well-known fact from other fields (i.e., airplanes, 
ships, etc.) that the propellers exert a side force. As 
a result they create some stabilizing effect {dC m/Scc 
is diminished), the propellers produce a lift force, 
and they contribute very significantly to Ck and C F . 
Hence the omission of propellers probably leads to 
large errors in the various constants, Cm, Cl, Ck, and 
C F . Although C K and C F have been determined pri¬ 
marily from full-scale turning results, the relation be¬ 


tween Ck and C F depends on Cm and C L which are 
certainly in error. Recently, in the Gould Island wind 
tunnel the Mark 13-2 torpedo was tested with free¬ 
wheeling (windmilling) propellers. It is as yet not 
known whether results obtained with freewheeling 
propellers may be taken as the results obtained with 
powered propellers, even though both are rotating 
at close to the same speed. However, the observed 
results, which are presented below, are indicative of 
the effect of propellers on the static constants. 



0C \i 

i)C /, 


da 

da 

Bare hull 

0.952 

1.16 

Bare hull plus free props 

0.796 

1.46 

Bare hull plus plain tail 

0.640 

1.80 

Bare hull plus plain tail plus props 

0.466 

2.14 

Bare hull plus shroud ring tail 

0.419 

2.26 

Bare hull plus shroud ring tail plus props 

0.363 

2.36 

From these results it eppeers tlmt in 

addition to 


the large effect of propellers there is an interference 
effect with the shroud ring and propellers. These 
results are only preliminary, and it is to be remem¬ 
bered that the propellers are freewheeling. 

It thus appears that the status of the hydrody¬ 
namic constants of torpedoes is at present very un¬ 
satisfactory and the knowledge inadequate. The 
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static constants C M and C L are in error since the tor¬ 
pedo models have been tested without propellers. 
The dynamic constants C K and C F are in error since 
the wrong static constants were used in their calcu¬ 
lation, the turning circle data must be corrected for 
roll (as will be seen in Suction 7.2). In addition, tin. 
turning circles very often are not reproducible. It 
appears that future work in determining these con¬ 
stants by means of models with propellers (prefer¬ 
ably powered at least to see the limits of freewheeling 
propeller) wtH as cuwsd i.•■> '*><' twt* i* Vlh.it* ty 
required. In fact, it appears that results of this type 
may soon be obtained in towing and rotating arm 
tests. 

7.2 EQUATIONS OF MOTION AND 
STABILITY 

In studying the dynamic behavior of a torpedo, it 
is convenient to separate the motion into components 
in a horizontal plane, in a vertical plane, and about 
the longitudinal axis of the torpedo. This is a natural 
separation from the point of view of the control sys¬ 
tem, for the steering, depth and heel are handled in¬ 
dependently. In general, the interaction between 
them is small (see Section 8.5), and the approxima¬ 
tion is both valid and useful. The equations are de¬ 
veloped here for motion in a vertical plane (depth¬ 
keeping) ; however, they are readily adapted to the 
steering motion in the horizontal plane. Roiling and 
heeling will be considered in Chapter 9. 

The three degrees of freedom in the vertical plane 
are best taken as the components of the motion of 
the center of gravity along and perpendicular to the 
longitudinal axis of the torpedo and the angle of ro¬ 
tation about a horizontal transverse axis through the 
center of gravity. The choice ot axes fixed in the tor¬ 
pedo rather than in space or with respect to the tra¬ 
jectory of the center of gravity has the advantage 
that accelerations along and perpendicular to the 
axis of the torpedo are treated separately so that the 
accession to the inertia of the torpedo due to en¬ 
trained water, which U UUfctrt.I fur the two direc¬ 
tions, can be readily taken into account. The equa¬ 
tions of motion are 

Mill — M 2 v(S 

= P — Dcosa + Lsin a + (IF - B) sin p , (1) 

M 2 v -~r it/iW/3 ^ 

= — L COS a — b toiii oi l rl “ if) COS P 1 11 Hi 


QP = M — Kp + Ba cos /3, (3) 

where the left sides are the inertia terms given by 
Lamb® and the right sides are the hydrodynamic 
forces and moments; Lamb’s term (M 2 — Mi)uv is in- 
cludnd i n the measured moment M. and terms arising 
from fore-and-aft asymmetry are neglected. Here, 
M\ and M 2 are the mass in slugs of the torpedo cor¬ 
rected for entrained water in longitudinal and trans- 
verse accelerations, respectively; 0 is the similarly 
■Pjrr* ct.cd moment, of inertia in slug-ft-; u and v are 
the longitudinal and transverse components of the 
velocity V in ft per sec; P is the orientation angle, a 
the attack angle, and 8 = P + a the course or trajec¬ 
tory angle, all in radians; IF is the weight, B the 
buoyancy and P the propeller thrust, all in lb, and 
the remaining forces and moments are measured in 
lb and ft units; ? is the elevator angle in radians and 
a the distance of the center of buoyancy (CB) aft of 
the CG in ft; dots represent time derivatives. 



Figure 2. Diagram showing positive direction for 
various parameters. 


Figure 2 illustrates the sense in which the various 
parameters are taken positive. M and /. are, of 
course, functions of a and £; however, D appears to 
be practically independent of these quantities (see 
Figure 1). 

For motion in the horizontal plane, equations of 
the above form are valid, except that the terms in¬ 
volving IF and B no longer appear. Then equations 
(2) and (3) may be applied to steady turning, if u, 
v, and : are set equal to zero. It is then apparent that 
+ rnrfino io V 1 H an that H as well as £ is 

1,11U IMIV4.UU • / t- -~ t~ 

measurable. Then a can be eliminated from the two 
equations and a relation obtained between K and F; 
this is the relation referred to in Section 7.1. In inter¬ 
preting this relation a correction should be applied 
for the heeling of the torpedo in the turn; however, 

“ Hydrodynamics, H. Lamb, Fourth Edition, 1916, Chapter 
Vl.-iiagfa.- 12LI27. 
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this correction is both small and of uncertain magni¬ 
tude and has generally been neglected. 

In order to treat types of motion in whieh a, /3, 
and /3 are small, it is convenient to linearize equa¬ 
tions (1), (2), and (3); indeed, it is only in this way 
that analytic solutions may he obtained. One can 
then put cos d = cos a — 1, sin ji — d, s' 1 * “ — 
u = V, v = Va, M — — ca + L = ea -f- /£, and 
assume that P, D, F, and K are independent of /3 and 
£. Then to first oruei m flic small quantities p, a, 
V, and W — B, these equations beeome 

M\V = P — D, (4) 

MzVoc+MiVP = -ea-ft-Da+(W-B) + Fl3, ( 5 ) 
Qii = -ca +di-K0 +Ba. ( 6 ) 


Tn analogy with equations (1), (2), and (3) it is 
convenient to define moment and force coefficient 
derivatives as follows: 


D + e = i- pV'-AC ,, 
c = ± P V-AlC m , 


/ = opl T2 -4Cx , 
d = \pY-AK \, 


(7) 


so that 


equations (5) and (6) beeome to first order 

m 2 a' + Cia + mV = — Cx£ + w , 

C m a + nV + C K V = + b . (10) 

Equation (4) is not of-interest for the case in which 
the speed V is constant; it was used ii- SvctiuL C 5> 
in connection with deceleration during the initial 
dive. 

Eor* motion in the tc’” 7 t 1 nls>* ^ tof* seme de¬ 
velopment of the equations of motion follows as in 
the vertieal plane except that the terms involving 
tv and b no longer appear. 

An important feature of equations (10) is that 
neither the t nor the speed V appear explicitly except 
for the speed-dependent terms w and b. Thus in the 
horizontal plane (in which w and b do not appear) 
the space trajectory described with fixed rudder is 
independent of the speed, even if the speed is not 
constant. In particular it is of interest to consider the 
motion in the horizontal plane with neutral rudder 
(£ = Q). This provides a criterion for dynamic sta¬ 
bility of the torpedo itself before the control system 
is added. 

The equations to be solved are 


Cl + Coot = Ctot + t\£ , C.u — ( m<x + ( uk ■ (8) 

One ean also define a dimensionless independent 
variable s such that dt =- (l/V)ds is the time required 
for the torpedo to travel ds lengths at the instan¬ 
taneous speed V ;then 


mid’ + Cia + mV. = 0 , 

C m a + nV + CkV = 0 ; (11) 

sinee these are homogeneous linear differential equa¬ 
tions with constant coefficients, the only non-vanish¬ 
ing solutions for a and V are of exponential form: 


a — 


da 

(U 


ds da _ V , 
dt ds l 


etc , 


a = a le'' 1 ’ + aoC 7 ' 7 * , 

V = + ihe 1 ’!*. (12) 


where primes represent derivatives with respeet to s. 
With equation (4) and the additional substitutions: 


m i 


2 M i 

pAl ’ 


m 2 = 


2 .I /2 
pAl ’ 


Substitution of (12) and (11) gives the following 
equations for the coefficients of eaeh of the exponen¬ 
tial faetors: 

(m 2 p, + C’i)a, + mV, = 0 , 

Cm + (npi + Ck)Vi - 0 , (13) 


n 


2 Q 
pAl 3 ’ 


ill -— HI 1 r ) 


2(IF - B) , 2 B 

pA V 2 ’ pAlY* ’ 


where i — 1, 2. Equations (13) have non-vanishing 
solutions for a, and V, only if the determinant of their 
coefficients vanishes. This results in a quadratic 
equation for the characteristic exponents pv. 


(9) nmip? + ( m 2 CK + nC^pi + ( CiCk — mC m ) — 0 (14) 
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which has the two solutions: 

V" h- — 4 nra 2 ( C t C K — wC'm) J 


Put = j^— h ± 
where h = m 2 Cx + nCi 


2nmt 


(15) 


Now in order for the torpedo to be dynamically 
stable without controls, any initial disturbance (non¬ 
vanishing initial values of a or 0) must be damped 
out as the motion progresses; this means that the 
exponents pi and p 2 must have negative real paits. 

It is apparent that this is equivalent to the require¬ 
ment that the three coefficients of equation (14) 
have the Saiur sign; mm ft* Kw*w.rilT 

positive, this means that the criterion for dynamic 
stability is 

CiCk ~ mC m > 0 . (16) 

It is worth noting that the torpedo need not be 
statically stable in order to be dynamically stable, 
and the latter requirement is of much greater sig¬ 
nificance so far as the behavior of the torpedo in the 
water is concerned. Indeed, all known torpedoes are 
statically unstable and are dynamically stable. As 
remarked in Section 7.1, static stability implies that 
C m be negative so that a small attack angle produces 
a restoring moment. While according to (16) this is 
piaetieally always a sufficient coniiu Jn Or dyti&w 
stability, it is evidently not a necessary condition. 
The Mark 13-2 torpedo with either the plain or 
shroud ring tail is dynamically stable, even though 
C m is positive; this has been shown both by computa¬ 
tion and hy running trials with rudders removed. 

Approximate values for the characteristic expo¬ 
nents pi and p 2 are readily calculated from equation 
(15) with the help of the provisional values of the 
coefficients which are collected in Section 9.1. The 
results are 

Plain Shroud 

Vl -0.23 -0.56 

P2 -2.91 -2.72 

Since in each case p 2 is much larger in magnitude than 
pi, the rate of recovery of the uncontrolled torpedo 
from an initial disturbance is determined principally 
by pi. This recovery is roughly exponential, the dis¬ 
turbance being reduced to 1/e of its initial value in 
approximately 4.3 lengths for the plain tail torpedo 
and 1.8 lengths for the shroud tail torpedo. Thus the 
addition ol the shroud ring significantly xnersases the 


stability and also makes the control problem much 
less critical as will be seen in Part III. This improve¬ 
ment is due primarily to the decrease in C m caused by 
the shroud ring. It should be remarked that recovery 
f rom an initial disturbance implies only that a, Si 
and hence $ approach zero as the motion progresses. 
It docs not, of course, mean that the new straight 
course is parallel to the initial course, and, in general, 
this is not the case; on the other hand, dynamic sta- 
binty means umt a sman inumt aioud* 
cause the torpedo to wind up into a spiral or circular 
trajectory. 

As a result of this discussion it appears that, a h "- 
pedo is dynamically stable if a perturbation of the 
yaw angle or angular velocity diminishes in time 
with a resulting relatively small course deviation. 
For example, if an uncontrolled torpedo (with rud¬ 
ders neutral) which is traveling in a straight course 
suddenly receives a small yaw angle and/or angular 
velocity, if the torpedo is dynamically stable the yaw 
angle and angular velocity will both decrease to 
zero, and the torpedo will resume a new straight 
course which is generally close to the original course. 
If the torpedo were dynamically unstable the yaw 
angle and angular velocity would both increase, the 
path tending to become a spiral, until finally due to 
nonlinearities in the hydrodynamic constants the 
torpedo becomes dynamically stable when the yaw 
-ingle and angular velocitv become large enough and 
the trajectory winds up into a circle. For an uncon¬ 
trolled dynamically stable torpedo on a straight 
course, one readily finds from equations (11), (12), 
and (15) that the final course angle when the torpedo 
lias an initial yaw tog* v* « vl M B u!ur v, lu'iljr U m 
given by 

, , nC t % - m 2 C„,a a [Equation (20), 

5(100 ) = 00 + c.Ck • Chapter 11 ) 


It is interesting to note the mechanism of dynamic 
stability. This is best done by considering a statically 
unstable torpedo which possesses, for example, an 
initial yaw angle to starboard and angular velocity to 
starboard. i-me tu tue n»e r-- 

duced in the starboard direction, thus giving the tor¬ 
pedo a velocity in the starboard direction, which is 
seen to be effectively some yaw angle in the port 
direction. Due to the initial angular velocity and the 




a damping moment is produced tending to diminish 
fchte stuguisf t-akrf'ily Will * ilnuuimt force is pro- 
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dueed which essentially helps the lift force in reduc¬ 
ing the initial yaw angle. Henee it is clear that the 
essential meehanism of dynamie stability is that the 
torpedo ean move transversely and as a result an 
initial disturbance is redueed or compensated for by 
a generally small eourse deviation. From this discus¬ 
sion the main reason for the inadequacy and imprac¬ 
ticability of statie stability as any criterion for the 
motion is fairly obvious. The reason is that static 
stability is strietly defined for a torpedo which cannot 
move transversely, and it is precisely this motion 
which is the essence of the meehanism of dynamie 
stability. 


cling condition. Then from equations of motion in 
the horizontal plane it follows that: 


1 = C ‘ C “ + > 
R C t C k - mC m ^ ’ 


(19) 


where R is the radius) of the turning eircle. 
Also 

n n i 

y hS' A ~T n y 
a = --— ? , 

C,C k - mCm 


or 


CiC , + c m C\ t 
mCp + C k C\ 


( 20 ) 


7.3 STEADY RUNNING 


To obtain the steady-state (or mean) running con¬ 
ditions of the torpedo, we simply set all derivatives 
(remembering that S'/= p') equal to zero in the equa¬ 
tions of motion above. One then readily finds that, 
for a’ = A' «= 9. « 0, 


&C x + wC, 
Ci C, + C m Cx 


^Cx+ (W- B)C, 


C,C„+C m Cx pA F 2 


,(17) 


bC, - wC m 

ClCp + CmCx 


Ba 

T 


c, — (W — B)C m 


2 


CiC,, + C m C\ pAV- ' 

(18) 


From these equations it is seen that for a given 
torpedo the steady-state pitch angle and elevator 
angle become smaller as V, the running speed, in¬ 
creases. One also sees from these equations that for a 
given torpedo there is a minimum speed at which it 
ean be run, if there is a lower stop in the elevator so 
that £ is limited. 

From the second equation it is clear that one can 
choose the center of buoyancy and center of gravity 
in such a relative position that £ r = 0. This may be of 
significance since when the torpedo is heeled over in 
a turn £,. affects the turning eircle. However, if £ r = 0, 
there will be no effect of the elevators on the eircle. If 
£ r < 0, the elevators will aid the rudders in a turn and 
so contribute to a tighter circle. 


7.4 STEADY CIRCLING 


These equations indicate a linear relation between 
o and £ and between c .l and a. 

However, the above treatment is really an un¬ 
warranted oversimplification of the problem of the 
circling of a dynamically stable torpedo beeause the 
heel in the turn is completely negleeted. Most tor¬ 
pedoes in the steady-running condition normally 
have a down elevator [6 is negative in equation (18)]. 
This is not necessarily true sinee it will depend on the 
relative position of the center of gravity and center 
of buoyancy as discussed above. In addition, prac¬ 
tically all torpedoes have the eenter of gravity below 
the eenter of bnoyaney so that, if the torpedo rolls a 
little about its longitudinal axis, a restoring moment 
is produced. Then, if no torque is set up by an in¬ 
equality in rudder or fin area, reducing the problem 
of a circling torpedo to a statie problem we may see 
that a heel will be produced in the turn and obtain 
the approximate magnitude of the heel. Consider the 
torpedo going around in a circie of radius ti anu 
heeled through an angle </>. Then, taking moments 
about the eenter of buoyancy of the torpedo, we find 
that, if the metacentrie height is G, 

—— G cos <t> = M gG sin <t>, 

R 

where the left side represents the torque of the cen¬ 
trifugal force and the right side the restoring moment 
of the metacentrie height. It then follows that the 
heel in the turn is given by 



The condition of a dynamically stable torpedo 
going around in a steady turn may be obtained simply 
by setting a! = S2' = 0, whieh corresponds to a cir- 


This angle is not particularly small. If we consider 
the Mark 13 torpedo without a shroud ring, R 250 
ft, V = 56 ft per sec, so that $ = 21.3°. 
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Remembering that for most torpedoes the running 
elevator position is down, when the torpedo is heeled 
over in a turn it is clear that the elevators will tend 
to have an opposite effeet from the rudders and so 
tend to make a larger turning circle. Since the ele¬ 
vators are generally much larger than the rudders, 
this effect is of considerable importance. 

In order to calculate the effect of a steady heel wc 
shall assume that the heel only affects the motion 
through the components of the elevator and rudder 
in the horizontal and vertical plane and that to this 
first approximation the hydrodynamic constants in 
the equations of motion are unaltered. This assump¬ 
tion is discussed in more detail in Section 0.5.2. From 
that section we see that the right sides of the equa¬ 
tions of motion are altered. From equations (50) and 
(57) in that seetion we see that the relation for £ r as 
given by equation (18) above, becomes 


fr = 


C,b - C m U> 
C, e C,+ C Xm 


sec <t> 


/iC + f ./.l x 

C£„+C m (\ 


So tan 0, (22) 


where S 0 is the rudder angle in the turn and C ur , 
are the elevator coefficients. 

Thus, when the torpedo is heeled over in a turn, 
the running elevator angle is less down by the amount 
noted in the second term. From the equations of mo- 
tton tr fWi'Unr M 62 nr flinf H n *i/*udy turn- 



_ (CiC]i-\-C\C m )Sp cos 0 — ( CiC„ e -\-C\*C m )t; r sin 0 

C,C K - mC m A ; 

where £ r is the mean elevator angle in the turn and 
may be recorded by some instrument or given by 
equation (22) above. It is seen, as was reasoned 

parlipr that sinpp crpnprallv t S 0 roll onn-ln i*> +V>p 

turn increases the radius of the turning circle. Since 0 
varies with V' 1 /It, fi will be a function of the velocity. 
This equation is the one referred to earlier relating 

C'k to C F . 

One method of obtaining the damping moment co¬ 
efficient Ck and damping force coefficient C F (m = vi\ 
— Cf) in the past has been from an analysis of turn¬ 
ing circle data. With a knowledge of R and assuming 
a relation between Ck and CV generally the ratio is ap¬ 
proximately Ca-/C> = 0.5; corresponding to the 
assumption that most of the damping force arises at 
the torpedo tail these constants were estimated. 
However, the effect of heel in the turn must be con¬ 
sidered since if it is neglected an artificially large C K 
is deduced (since a heel and increasing C K both in¬ 
crease the turning circle radius). This method will 
probably also be used in the future and it is therefore 
MtoMNgr. nut* U* tRfcgMftM of 
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Chapter 8 

GENERAL DISCUSSION OF CONTROLS 


8.1 PURPOSE OF CONTROLS 

I T was shown in Section 7.2 that the Mark 13-2 
torpedo is dynamically stable with respect to mo¬ 
tion in the horizontal or steering plane. While this is a 
desirable state of affairs, it is not sufficient to guaran¬ 
tee good course-keeping; for any asymmetry in the 
torpedo or its propulsive plant, or any external dis¬ 
turbance will cause the torpedo to depart from its 
original eourse. It is necessary, therefore, to provide 
a correction which +ends to restore the torpedo to its 
original course; this is supplied by a gyroscope and 
steering engine which operate the vertical rudders. 

The eituation with regard to motion in the vertical 
plane (depth-keeping) is more critical since it is 
usually desired that the torpedo run within narrow 
limits of depth and quite close to the surface. Because 
of the inhomogeneous terms in equations (10) of 
Chapter 7. that is, because of the necessity for bal¬ 
ancing both the unbuoyed weight W — B and the 
moment Ba of the torpedo, a horizontal rectilinear 
path (8 = S2 = /3 = 0) will not be obtained unless the 
attack angle a and the horizontal rudder or elevator 
angle £ have precisely the right values, as given by 
equations ) and ^ LliulAcf i. TVIs - 

ment requires a depth-control system which is sensi¬ 
tive to depth and which must therefore contain at 
least a hydrostat and a depth engine for operating 
the elevators. It will be shown in Section 12.1, how¬ 
ever, that a control of this type makes the torpedo 
dynamically unstable. It is therefore necessary to add 
an element which indicates incipient deviations from 
running depth before they develop to such an extent 
that the hydrostat cannot handle them. Such an ele¬ 
ment can be provided by a pendulum arranged to 
indicate deviations from running orientation angle; 
other arrang>'mP’ 1+ ° involving gyroscopes and depth 
differentiators are possible as well. 

Apart from the maintenance of course and depth 
during the steady run, tut euiitful system iAI&v 
occasion provide predetermined course changes in 
both the horizontal and vertical planes. Ihus angle 
shots, in which the torpedo is brought to a new course 
after launching, and recovery from the initial dive 
must be taken into euiisidtTatiun in designing the 
control. The first is relatively simple, since it is only 
necessary that the gyro pick-off be preset so that the 


torpedo runs at a fixed angle to the gyro axis. The 
second, however, requires that the depth control be 
constructed so that the large decelerations inherent in 
the initial dive and recovery do not prevent it from 
bringing the torpedo to running depth quickly and 
without excessive broaching. 

8.2 TYPES OF CONTROLS 

There are two extreme control types which can be 
applied to either the course-keeping or depth-keeping 
problem. These are the linear or proportional system, 
and the limited or two-position system. A propor¬ 
tional control is one in which the rudder displacement 
is some linear combination of the magnitudes of the 
factors to be controlled (orientation, depth, etc.) and 
possibly their time derivatives. A two-position con¬ 
trol is one in which the rudder is always in one of two 
positions or in relatively rapid transit between them, 
the position selected again depending on the factors 
to be controlled. 

The torpedo together with a proportional control 
can be represented, at least for small deviations from 
running conditions, by a set of simultaneous linear 
• •f" 1 .' iiiv ■ ■■ with constant coefficients. The 

control is stable if a small disturbance produces a 
motion which damps out in time, that is if the real 
parts of all the characteristic exponents of the differ¬ 
ential equations arc negative. If the control is not 
stable the motion will build up until the rudder mo¬ 
tion is limited by stops. When the instability is of an 
oscillatory character so that the exponents with 
positive real parts are complex, the rudder stops act 
as a limiter, and the control has many of the proper¬ 
ties of the two-position type. Such transitional cases 
are best considered along with the ideal two-position 
control. 

The two-position control operates stably when the 

-—;il ~ ri/KonlUr if S +AVO nr»si- 

ltor V rpm ln motion is corresponding 1* 
periodic; then the motion following a small disturb¬ 
ance tends to resume this periodic character. It is 
possible for a two-position control to be unstable in 
the sense that the oscillatory motion of the torpedo 
Uncreaers in *jfi v iod nnd amplitude; this can, of course, 
also occur for an unstable proportional control which 
is < perat.ing in the transitional range. 
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8.3 METHODS OF ANALYSIS: PROPOR¬ 
TIONAL CONTROL 


The most straightforward method of analyzing a 
proportional control consists in writing down the 
simultaneous linear differential equations that de¬ 
scribe the torpedo motion and the control system 
and solving them by the method of characteristic 
exponents already applied in Section 7.2. The tor¬ 
pedo equations have already been given in (10) of 
Chapter 7 and a relation between the rudder angle £ 
and the torpedo parameters must be added. The 
steady-state values of the parameters can be found 
first and will in general be different from zero il in¬ 
homogeneous terms like w and b are present in the 
equations. The transient part of the motion can then 
be found as a sum of exponential terms like e"’ or e'' 1 , 
depending on whethei the dietiuci- in lengths * or 
the time t is used as the independent variable. These 
are to be substituted into the homogeneous equations 
that result when the steady-state terms are sub¬ 
tracted out. The requirement that a solution exist 
for the coefficients of the exponentials gives rise to 
an algebraic equation in the exponents p. This “secu¬ 
lar” equation can be solved by trial and error using 
synthetic division, oi in othei ways, and the euutti- 
cients of the exponentials evaluated in terms of the- 
initial conditions In this wiy th* explicit motion of 
the torpedo following a transient disturbance or dur¬ 
ing the recovery from the initial dive can be found. 

For many purposes it is sufficient to know simply 
that the control is stable, without knowing even the 
values of the characteristic exponents. In this case 
the Runvrtz criterion 0 can be applied directly to the 
coefficients of the secular equation. This criterion 
states that the necessary and sufficient condition that 
the real parts of all the roots of the algebraic equation 

a 0 p n + cup" -1 + a 2 p’ l_2 + • • • + a„_ip -f a„ = 0 (1) 


be negative is that all the quantities 
j (l\ «0 

do,Ol, | , 

! as «2 


>l\ 0 j 


tq 0 l) • • • n | 

&3 dl 


0-3 0.2 (Xl Q-0 ' * * 0 j 

' 

CE-5 (J4 &3 


000 ••••«„ 


be greater than zero. 


(2) 


a Differentialgleicbmaen der Physik, 1* rank and von Mises, 

Yol. I,p. 163. 


Another less direct but often more convenient 
method for dealing with the problem of the response 
and stability of the control system is based on an 
analogy with a linear feed-back amplifier. A feed¬ 
back amplifier is one in which a part of the output of 
a conventional electronic amplifier is fed back to the 
input. Great improvement in frequency response and 
freedom from distortion can be obtained in this way 
by pTopcT design, but cafe must be tftkfen that til'd 
circuit does not oscillate by itself or possess too slowly 
damped transients. Information as to the behavior 
of the circuit in this respect can be obtained from a 
study of the overall response function of the amplifier 
and tfcCQ-DiiA urtfi oiX. bupy vA that flic 
network is disconnected from the amplifier input and 
a sinusoidal signal voltage of unit amplitude is ap¬ 
plied to the input. The magnitude and phase lead of 
t.he voltage that appears at the terminals of the feed¬ 
back network, when it is terminated by the input 
impedance of the amplifier, may be plotted as a 
function of signal frequency in polar coordinates. If the 
resulting curve and its image in the polar axis enclose 
the point which is unit distance from the origin along 
the polar axis, the complete feed-back amplifier will 
be unstable and oscillate with an amplitude which is 
Hiurted by bhe non <A tl* iMnpWVr rfaruit' 

The circuit is stable when the unit point is not en¬ 
closed but if the curve passes too close to it the cir¬ 
cuit will possess slowly damped transients. These 
results were first obtained by Nyquist.' 0 

The torpedo and control system can be regarded 
as a feed-back amplifier. For example, motion of the 
rudder produces a motion of the torpedo as a whole 
tampWivf) -win Vi j/Tcrhu -s a TftoMwn d Urt ttuiA^ul 
system (feed-back network) and in turn actuates the 


RUDDER 
I—*’- 


TORPEDO 


1 RUDDER 
ENGINE 


iGONTROLl 


ORIENTATION, 
DEPTH, ETC. 


Fiui re 1. Nyquist criterion applied to torpedo and 
wvi.Vrd synteHY. 


rudder. If the control is disconnected from the rud¬ 
der, an overall response function can be defined in 
terms of the steering or depth engine motion pro- 
Qu , A by a sbrttftvAdsti YtiAAH u»lbA d -id-wt ft-- 
b H. Nyquist in Bell System Technical Journal, V ol. 11,1932, 

p. 126. 
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quency. The use of the Nyquist criterion in this con¬ 
nection has the great advantage that the overall 
response function can be broken up into two parts: 
one for the torpedo and one for the control system. 
Thus the torpedo response function Reed bt calcu¬ 
lated only once and can be used in connection with 
various control response functions. Moreover, it can 
be seen from an examination of the response function 
what changes must be made in the control to improve 
the stability. 

The overall response function, once it is known, 
can also be used to find the torpedo motion resulting 
from some periodic external disturbance, such as a 
wavy sea. A straightforward, but less simple, calcula¬ 
te on buahltS one tu a Iculat-c the IraLjfefit tvepoHsc lo¬ 
an aperiodic disturbance by expressing it as a Fourier 
integral. 

8.4 METHODS OF ANALYSIS: 

TWO-POSITION 

CONTROL 

The ideal two-position control contains a limiter 
which switches the rudder instantaneously from one 
extreme position to the other when the controlling 
signal reaches a specified value from one direction 
and reverses the process when it reaches the same 
value from the other direction. A straightforward but 
difficult, method for analyzing such a system consists 
in integrating the supposedly linear equations of mo¬ 
tion of the torpedo in intervals during each of which 
the rudder position has one of its extreme positions 
anU maucimig bounding conditions al llu insty lits 
when the rudder makes its traversals. 

\ hir simpler method is based on the fact that the 
torpedo response to rudder motion has the general 
properties of a low-pass amplifier so that high- 
ftt ituTicy . at the iwWw jw 

strongly attenuated. One can then assume that the 
rudder has a periodic square-wave motion, and this 
can be analyzed in a Fourier series. Because of the 
decrease in amplitude of the harmonics with fre¬ 
quency and the high-frequency attenuation, only the 
fundamental component of this series will be signifi¬ 
cant in the torpedo motion, which will therefore be 
very nearly sinusoidal. The response of the control 
and hence the phase of the limiter action can be pre¬ 
dicted from this motion, and this must of course agree 
with the originally assumed phase of the rudder mo¬ 
tion. Since the phase lags of the torpedo-response 
function and the control are geneially mcicasia fe 


functions of the frequency, there will, in general, be 
one frequency for which the phases of the assumed 
rudder motion and the resulting limiter action agree; 
this is the frequency at which the system oscillates. 

When the overall phase lag is an increasing func¬ 
tion of the frequency, the oscillation obtained in this 
way is stable. This can be seen from the following 
argument. Suppose then an external disturbance mo¬ 
mentarily retards the rudder motion. This introduces 
lower frequency components into the rudder and 
hence into the torpedo motion. This in turn decreases 
the overall phase lag, making the limiter action take 
place more quickly and restoring the motion to its 
original periodic character. Similarly, a momentary 
^wvd-jqi td filthier action introduces higher fre¬ 
quency components, increases the phase lag and 
hence slows the motion down towards the original 
frequency. By the same argument, an oscillation fre- 



i,ueiioy wlitdi ucouis Whjii tl'. oVdull pl-ct5o iAg IS a 

decreasing function of frequency is not stable. When 
this occurs, the phase lag will generally increase 
eventually with frequency and produce a higher fre¬ 
quency oscillation which is stable. On the other hand, 
if nvt ertwial Mmoefe 11# to 

start decreasing from the unstable point, it is possible 
that an unstable oscillatory motion will result in 
which the period and amplitude increase with time. 

11 is possible to find in a simple way the response of 
a stably oscillating two-position control to an exter¬ 
nal disturbance which is of low frequency compared 
to the control-oscillation frequency and whose ampli¬ 
tude at the limiter is small compared to the control- 
signal amplitude. Suppose the control-signal ampli¬ 
tude at the limiter is S and the disturbance is a 
steady signal of magnitude s at the limiter. If the 
limiter action takes place when the total signal 
dosses "die acio value, as is usually the case, the el 11 ct 
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of the disturbance is to cause the rudder to spend 
slightly more time in one position than the other; 
this adds a small component of rudder in that direc¬ 
tion without affecting the phase of the limiter or 
rudder action, and hence without affecting the fre¬ 
quency of the steady oscillation. The rudder then 
spends a fraction (-j + s/irS) of a cycle in one direc¬ 
tion and a fraction — s/irS) of a cycle in the other 
direction, so that the net steady rudder component 
is 2s^q/tS, where ±£o is the rudder throw. But the 
amplitude of the fundamental component of the 
rudder motion is 4£o/ir so that the ratio of steady to 
fundamental component of the rudder is s/2S. 

While the proof given here applies only to ex¬ 
tremely slow disturbance frequencies, it has been 
shown that this applies for all lower frequencies and 
for amplitude ratios at the limiter of the order of or 
less. Thus the ideal two-position control acts like a 
linear amplifier for external disturbances, and the 
oscillations can be ignoiWl from this point <i view 
This approach is useful in considering response to 
waves and the effect of initial conditions. Also it is 
rhis approach winch pefliiVtS tli titlii.-'Ti' A on Aid 
systems subject to disturbances as though they are 
proportional systems. This enables one to calculate 
practically all the behavior characteristics of a tor¬ 
pedo with an on-off system that one could calculate 
for a torpedo with a proportional system. 

As a simple but instructive application of this very 
useful theorem we shall calculate the trajectory in 
the horizontal plane of a dynamically stable torpedo 
with proportional depth controls and two position 
(on-off) steering when the torpedo is heeled over 
clockwise by an angle <y Essentially, we shall look for 
the final course angle of the torpedo. 

Clearly, for such a torpedo we have the case of an 
on-off system subject to a disturbance (caused by 
the steady component of the elevators in the hori¬ 
zontal plane) which is of lower frequency than that 
of the on-off system,’ in fact in this case the distur¬ 
bance is of zero frequency. 

One can then readily write down the equations of 
motion in the horizontal plane (where the hydro- 
dynamic constants are taken to be independent of 
heel in this approximation). 

mQ, + m 2 a' + Cia = — C\8 cos <j> + CV£r sin <j >, 
ttil' -j- ('f it -p (JmOt ~ (. /id C0S4> is sin <t> , 

= 13', 

3 — — yP ■ 


8 is the steady rudder component, is the steady 
running elevator angle. From the previous theorem 
it is evident that 

= 25 ° 

7 tt/3o 

where 8o is the rudder throw and Po is the amplitude 
of the yawing oscillations. The genera! solution of 
these differential equations is 

a = a + atf 1 ™ + o 3 c p *" + a 4 , 

P = j3ieP' 8 + foe”* + /3 3 e pl ® + P ,. 

One may take as the initial conditions of the motion 

Pi = Pi = at = 0. 

If the body is dynamically stable the real parts of 
p 4 , p 2 , and p 3 must be negative. 

FVj example, <ijr tLe Mark 13 torpedo with shroud 
ring the real parts of the characteristic exponents 
have the magnitudes —2.2. —0.51, —0.51, the last 
Vwv 1W wwi/ewtow* UHc of Mm t 

conjugates. 

Since these exponents are to be multiplied by s, it 
is clear that the corresponding terms will damp out. 
Since we are interested in what will happen for large 
values of s (the course deviation at the end of many 
torpedo lengths), it is evident that (for s large) 

a ~ d4 , 

P = a 4 , 

since a 4 and Pi are constants independent of s. 

substituting into uie equations Oi iiiulinn, one miuo 

= (Cx c„ - 

(C,C„ + CxC*) 

B = ( ' C “ rCl + C\X',„)^rta,n<t> 

Pi 7 (OCV + C\C m ) 

Since the center of pressure of the rudder and ele¬ 
vator lift forces is almost exactly the same distance 
from the rrM» ’mu gravity 



x M ^ fir ^ 

Cl ~ Cle ~ ’ 


where X is the fraction of a torpedo length by which 
lAib \ji oi Tirviusufv. of Ure WA ( \A vbe 
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and rudders (approximately the elevator or rudder 
stock) lies aft of the center of gravity. 

With this consideration one finds 

OCi = 0 , 

o = (g» + ^CdCUrtan^ = tan <*> ■ 

y(C m -f- \Ci)C\ yC\ 

2 5(j 

Remembering that y = - - , 

7T /9o 

ft = - — - do tan 4> ■ 

2 Cx 5 0 

Naturally for heel angles of interest (which are gener¬ 
ally small) one can replace tan <j> by <l> in radians. Thus 
the torpedo travels with zero yaw angle and with the 
average angle between the torpedo axis and the di¬ 
rection of the gyroscope setting being 04- The trajec¬ 
tory angle is given by 6 = a + |3 = ft. Thus the 
angle the course pursued makes with the set direc¬ 
tion, when the torpedo is heeled over, is given by ft. 

The course deflection or the distance between the 
actual torpedo position and its desired position is 
given by 

V = f 0 4 ds = ^ ~ moS tan 4>. 

Jo 2 ( \ do 

For the Mark 13 torpedo with shroud ring, using do 
as given in Chapter 10, do = 0.77°, C\ c 'C\ = 10, 

| r = 2.2°, 6 a = 9°, we find 

6 = 04 = 3" tan <f> 

or the deflection is given by y = (3 tan <t> 57.3)s tor¬ 
pedo lengths. One may also say that the deflection is 
given by 

Deflection = 52.7 tan <j> mils 

= 52.7 0 mils (for small where <t> is in 
radians). 

Thus, if the Mark 13-0 torpedo is heeled over about 
5 .5° in its steady run, it will suffer a course deflection 
of about 5 mils. 

This result is in good agreement with verbal re¬ 
ports of statistical studies made of runs at the New¬ 
port Torpedo Station. 

Since most torpedoes have some heel (probably due 


primarily to lack of complete torque balance of the 
propellers), it is seen that this is a very large effect 
compared to the restrictions commonly imposed on 
torpedo gyroscopes. 

We see from this result that a clockwise heel will 
produce a nose-right course deflection for down, ele¬ 
vator running angles. 

It is also seen that decreasing ( r (the elevator run¬ 
ning angle) and decreasing the time lag in steering 
(which from Chapter 10 is seen to diminish do) will 
diminish the deflection due to heel. 

The reason for the torpedo to run at an angle fl 4 
between its axis and the direction of the gyroscope is 
that this angle is necessary to produce the steady 
component of the vertical rudder, since it behaves 
like a proportional system and the steady component 
is proportional to 0, which will overcome the steady 
effect of the elevators in the horizontal plane. 

The discussion thus far has been restricted to ideal 
two-position controls. An actual control may differ 
from this in three principal ways. First, the rudder 
does not switch instantaneously, but requires a finite 
time to travel from one position to the other. Second, 
there may be a time delay in the transmission of the 
switching signal from the limiter to the rudder, lhird, 
the control values at which the switching action takes 
place need not be the same fur the two directions. All 
three of these effects introduce additional phase lags. 

The Fourier analysis method outlined above may 
also be applied to the study of unstable proportional 
controls in which the amplitude of the rudder oscilla¬ 
tion is limited by stops. In such a transitional sys¬ 
tem, the amplitude and phase relations between 
rudder and torpedo motion must usually be consid¬ 
ered simultaneously. 

8.B INTERACTION BETWEEN depth¬ 
keeping, STEERING, AND ROLL 

It is assumed throughout most of this report that 
the motions of the torpedo in the vertical and hori¬ 
zontal planes can be treated separately. It is evident, 
however, that if the torpedo rolls or heels, the vertical 
rudders act to a certain extent as elevators (horizon¬ 
tal rudders), and vice versa. The resulting interaction 
between depth-keeping, steering, and roll may be of 
importance in two situations. First, in the recovery 
from the initial dive, large rolls are encountered 
which may affect the operation of the depth controls. 

Second, in steering with a two-position control, a 
certain amount of roll having the same frequency as 
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the steering oscillation is produced by the vertieal 
rudder action and the displacement of the center of 
buoyancy above the center of gravity of the torpedo. 
Attempts are made to minimize this roll by making 
the upper vertical rudder larger than the lower one 
and .the lower vertical fin larger than the upper one. 
However, the elevator effect of this vertical rudder 
motion is roughly proportional to the product oi the 
roll angle and the rudder displacement and hence has 
twice the frequency of the steering oscillation. Thus 
in the absence of heel the steering... xi /ft can ii..1ttfiiCr. 


the depth-keeping, but this influence will not react 
back significantly on the steering since it has twice 
the frequency. When the torpedo is heeled over, how¬ 
ever, there is also an elevator effect component of the 
vertical rudder motion that has the same frequency, 
and in this case one should solve the combined equa¬ 
tions of motion. Although little quantitative work 
has Deen done on this effect, it seems likely that it 
provides the explanation tor the synchronous depth 
and roll oscillations sometimes observed when the 
l jfpodo id lifcded uVdT 


CONFIDENTIAL 



Chapter 9 

PROPORTIONAL CONTROL 


T his chapter applies the methods discussed in 
Section 8.3, to the detailed consideration of the 
horizontal steering of the Mark 13-2 torpedo. It is 
assumed that the torpedo is provided with a linear 
steering control in which the steady-state deflection 
of the vertical rudder is proportional to the deviation 
of the gyroscope axis from the desired heading. This 
will not be true in general for varying gyro signals 
since some delay in transmission is inevitable with 
rapid variations. Thus, in addition to the torpedo 
equations (10) of Chapter 7, with w = b — 0, there is 
a connection between the orientation angle 8 and the 
rudder angle £ (both in radians) which may be writ¬ 
ten as follows: 


r* + {--70. 0) 

This equation would result, for example, if a pneu¬ 
matic transmission possessing viscous friction and 
stiffness described by a time constant r were used 
to transmit the gyro signal to the rudder. Ti e equa¬ 
tions of motion of the system may then be written 


mia! + Cia + tnP. — — (\k , 

C m a + nil' + C K P = , (2) 

k + ^ = -70, 

0' = 

where <r — Vr/l. 

9.1 HURWITZ CRITERION 

In this method a substitution of the form e pa is 
made for each of the variables, resulting in the fol¬ 
lowing secular determinantal equation: 


mip + Ci m C\ 
C m np + C K — C„ 

0 0 crp + 1 

0 10 


0 

0 

7 

-v 


= 0. (3) 


This may be rewritten as a fourth degree algebraic 
equation in the characteristic exponent p: 


UoP 4 + aiP 3 + «2p 2 + as p + a 4 — 0 , 


a 0 = m 2 na, 

«i = m 2 n + <r(nCi + m-iCn) , 

a 2 = (nCi + ni 2 Cic) + <?(CiCk — mC m ) , 

a 3 — CiCk — mCm + wi2^7>7 , 

a 4 = y(C,C M + C m C\) . (4) 

Application of the Ilurwitz criterion (2) of Chapter 8 
to this equation is equivalent to the requirement that 
all of the coefficients be positive and that 


aia 2 a 3 — a 0 a 3 2 — ar«4 > 0 . (5) 

For a dynamically stable torpedo such as the Mark 
13-2, equation (16) of Chapter 7 states that C t C K — 
mC„, > 0; thus in this ease all of the coefficients are 
positive, and equation (5) is by itself a necessary and 
sufficient condition for stability of the controlled 
torpedo. 

Some of the numerical parameters representative 
of the Mark 13-2 torpedo have been given in Section 
7.1, and Figure 1 of Chapter 7.The inertia parameters 
nu, m«, and n may be calculated from the mass and 
moment of inertia of the torpedo, with the correc¬ 
tions for entrained water being made approximately 
on the basis of Lamb’s calculation foi prolate sphe¬ 
roidal shapes. Provisional numerical values are col¬ 
lected below for this torpedo with plain and shroud 
ring tails. These are intended for use as illustrative 
parameters and are not definitive magnitudes. 



Plain 

Shroud 

m, 

1.80 

1.84 

mi 

3.11 

3.20 

n 

0.176 

0.188 

Cm 

0.650 

0.279 

Cm 

0.295 

0.173 (horizontal 


elevator) 

Cm 

0.030 

0.017 (vertical 


rudder) 

C, 

2.01 

2.30 

Cx 

0.606 

0.344 (horizontal 


elevator) 

Ox 

0.061 

0.034 (vertical 


rudder) 

C K 

0.44 

0.48 

C F 

1.01 

1.16 

m 

0.79 

0.68 
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Figuke 2. Phase of 0»/£o versus k. 


Substitution of these numbers into equations (42 
and ( 5 ) shows that the motion is stable for any value 
of 7 if there is no time delay (<r = 0). For a = 0.5, 
which corresponds to r = 0.10 sec for 40 knots and 
r = 0.12 sec for 33 ^ knots, the plain tail torpedo is 
stable if y < 28, and the shroud tail torpedo is stable 
if 7 < 99. Thus the improvement in dynamic sta¬ 
bility of the uncontrolled torpedo produced by the 
addition of the shroud ring (see end of Chapter 7) is 


reflected here as an increase m 


v o roniro 


nf 


^trol 


parameters over which stable operation occurs. 


9.2 NYQUIST CRITERION 

In this method the 6 response to a sinusoidal rudder 
motion £ is calculated first, and then the rudder mo¬ 
tion £* produced by this 6 motion through the con¬ 
trol. The two together give the overall response of 
the controlled torpedo, and from a plot of this as a 


function of frequency the stability m°y be inferred. 
In performing the calculation it is convenient to use 
complex exponentials rather than sines and cosines. 
Thus if £ = £ 0 e'“' = £oe <k ° is substituted on the right 
sides of the first two of equations ( 2 ) and the steady 
state solutions 12 = %e iks and p = p 0 e iks found, the 
complex ratio 12o/£o, for example, may be written as 
| 12o/£o | e*, where the magnitude is the amplitude ratio 
and t is the phase lead in radians of 12 over £. The f! 
response is readily obtained from the fourth of equa¬ 
tions ( 2 ), and £ 0 */ft> may be found from the third of 
these equations. The complex overall response func¬ 
tion is then given by the product of the three factors: 


£o* 

So 


(Oo\ (*\ /V\ 

V £o/ \12<>/ \/3o / 


(6) 


From Section 7.2, the relation between the fre¬ 
quency v in cycles per sec, the angular frequency w in 
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radians per sec, and the dimensionless quantity k is 


2nv = to 



Thus, for the Mark 13-2 torpedo at 40 knots, v = 
0.79A - , and at 33J4 knots, v = 0.00 k. 

The solutions of the first two of equations (2) are 

a 0 _ {m(\ + CkC\ + ikn(\) 

£o A 

S2 0 _ (C„X\ + CA + ikmJ'J ( 7 ) 

i ~ A 

A = nmjc' 1 - (f,C K - mC m ) — ikinC i+MiCk) ■ 

The last two of equations (2) give 

& = 1 . ( 8 ) 

, (9) 

/3o 1 ~h ike 

The quantity (3o/£o = (I2o/£o) (do/f2o) can be computed 
from (7) and (8) with the numerical values of Section 


9.1; its phase and the logarithm of its magnitude are 
plotted as a function of k for the plain and shroud 
ring tails in Figures 1 and 2. Similar curves of /lo/fo, 
where h is the lateral deviation from straight course, 
are plotted in Figures 3 and 4 (see Chapter 12). r l he 
left ordinate scales for Figures 1 and 3 refer to the 
horizontal elevators and the right ordinate scales to 
the vertical rudders. 

Before completing the study of this control by 
Nyquist’s method, it is necessary to discuss a pe¬ 
culiarity of the torpedo problem which does not arise 
in most other control problems. This is the singu¬ 


larity in po To at k = 0, which makes it impossible to 
apply Nyquist’s criterion directly. Physically, this 
singularity means that if the rudder is oscillated 
slowly enough, the angular excursions of the tor¬ 
pedo can be made arbitrarily large with fixed rudder 
amplitude; this is to be expected so long as the non¬ 
linearity of the equations for such large angles is 
neglected. It can be shown that the way in which to 

i i * i l <t ' I-V-,wiv>o> +V»<\ vxV*oco af +Vio 

deal \vlull tills sni&uuuii/y 10 iiuug vy* ~~~ 

do/Jo response function from the smallest k of prac¬ 
tical interest to k = 0 along the dotted curves indi¬ 
cated in Figure 2 and keep the magnitude constant. 
This corresponds to avoiding the singularity by re¬ 
placing e ik ’ by e pg for small k, where the contour in the 
complex p-plane is taken along the imaginary axis 
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Figure 6. Phase of and log>o magnitude of fo*/{o for plain tail steering versus k. 


(p — ik) in to a small value of k, and then around the 
origin to the right. When this procedure is followed, 
Nyquist’s criterion may be used." 

The phase and the logarithm of the magnitude of 
the overall response function (6) are plotted as a 
function of k in Figures 5 and 6, the circuit of the 
origin being indicated by dotted eurves. The eontrol 
parameters chosen are a = 0.5, y = 60, for which, 
according to Section 9.1, the shroud tail torpedo 
should be stable and the plain tail not. The inserts of 
Figures 5 and 6 show schematically (not to scale) the 
shape of the Nyquist diagrams in polar coordinates, 
the positive real polar axis being to the right and the 
unit point being marked with a eircle; it is evident 
that these diagrams agree with the results of Section 
9.1. A comparison of the curves and the inserts shows 
that it is necessary to examine the response function 
only in the region of k near which the magnitude is 
unity and the phase zero. If the phase crosses zero 
(from positive to negative as k increases) at a smaller 
value of k than that at which the magnitude crosses 
unity (decreasing as k increases) so that the magni¬ 
tude is greater than unity when the phase is zero, the 
system is unstable; otherwise, it is stable. I his last 

• It is worth noting, as is easily proved, that Nyquist’s cri¬ 
terion gives incorrect results when applied to torpedoes that 
are dynamically unstable; this does not, however, attect its 
application to the Mark 111-2 torpedo. 


statement of the Nyquist criterion is of course speeial 
to this problem, but it does apply to a large group of 
torpedoes and controls; in case of doubt the whole 
of the Nyquist diagram should be drawn. 

It might appear from the foregoing discussion that 
the Hurwitz criterion is easier to apply than the 
Nyquist criterion. This is generally true if only a 
single control and a single type of motion need be 
considered. But if, for example, one wishes to con¬ 
sider both proportional and two-position systems or 
if one wishes to compare a number of different types 
of proportional control on a single torpedo, then the 
decomposition of the overall response function into 
a product of torpedo and control response functions 
saves a great ileal of numerical work. It should also 
be noted that the relatively simple fourth degree 
equation (4) for p becomes a sixth or higher degree 
equation for a pendulum type depth control. 

Another advantage of the Nyquist method is that 
it is possible to do some problems that cannot be 

«+ Q 11 V»ir +V*o WiiT'fvit'z method RFP 

t;l CtXHJYT CX\J A K/jr — --~ 

problems in which frequency-independent time de¬ 
lays occur or in which part of the overall response 
function, say that of the steering or depth engine, is 
measured empirically. Although the Nyquist method 
has been rigorously justified only for systems that 
can be described by a set of linear differential equa¬ 
tions of finite order, it seems very plausible that the 
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method is applicable to systems with time delays or 
mild nonlinearities. As an example, the friction- 
stiffness time constant assumed in the problem 
worked out above could be replaced by a fixed time 
delay r simply by introducing an additional phase 
lag 2itvt = k (t radians into the overall response 
function. This could not, on the other hand, be 
treated by the Hurwitz method since a fixed delay 
can only be represented by a differential equation of 
infinite order. Thus, in order to represent 

£(s + a) = —yd(s) 


in place of the third of equations (2), one would re¬ 
quire the differential equation: 

£ + <r£'+^f , +- y e. 

The convergence of this equation would have to be 
investigated in particular cases of interest. It should 
be noted, however, that in order to calculate the mo¬ 
tion and trajectory of the torpedo the character¬ 
istic exponents must be determined. 
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T his chapter applies the'seeond (approximate) 
method diseussed in Section 8.4 to the detailed 
consideration of the horizontal steering of the Mark 
13-2 torpedo. It is assumed that the torpedo is pro¬ 
vided with a two position steering control which 
possesses characteristics similar to those of the stand¬ 
ard pallet mechanism. Thus, if the desired heading is 
/3 = 0° and the gyroscope axis is in this direction, the 
mechanism is set into motion when the heading be- 
eufota ' „ ami tlje r rth- quid My frout 

stop to stop a time t after this. 



Figure 1. Phase lags caused by torpedo motion, the 
finite actuation angle ft, and the time delay. 


A square-nave mddei lnutiou of amplitude £o and 

of definite frennenev nr k value fsoo Section 0.21 is 

---1-- ^ \ 

assumed, and the torpedo motion corresponding to 
its fundamental component is calculated. The phase 
at which the /3 motion causes the control to operate 
the rudders is found, and this corrected for the time 
delay r must agree with the originally assumed phase 
ot the rudder motion. It the time of transit of the 
rudder from stop to stop is appreciable, it may be 


taken into aecount by increasing the time delay by 
half the transit time and correcting the amplitude of 
the fundamental component of the rudder motion in 
accordance with the departure from square-wave 
form; the «* mnd of these effects is usually negligible 
whereas the first is not. 

The relationships between the phase lags due to 
the torpedo motion, to the finite actuation angle 
and to the time delay t are shown schematically in 
Figure 1. It is clear from this that the sum of the 
three phase lags must be 180° in order for a steady 
oscillation of this type to persist. The torpedo phase 
lag is the negative of the phase of /3o/£o plotted in 
Figure 2 of Chapter 9, and the phase lag due to the 
time delay is simply 2irrr = ka radians, where again 
a = Ft 7. The actuation phase lag is seen from 
Figure 1 to be sin-' (/3,//3 n ) , where /3 0 is the amplitude of 
the oscillation of the torpedo heading. 0 O may be com¬ 
puted from Figure 1 of Chapter 9 (using the right 
ordinate scale) for any k value by multiplying the 
magnitude of /3o'£o by 4£oAr, which is the amplitude 
of the fundamental component of the rudder motion. 

The rudder throw in the Mark 13-2 torpedo is 
£ 0 = 12.1°. Figure 2 shows the three component phase 
lags and their sum as functions of k for the shroud 
tail torpedo, under the assumption that (3 f = 0.5° and 
a = 0.5, which corresponds to r = 0.10 sec at 40 
knots and r = 0.12 sec at 3334 knots. Figure 3 shows 
similar curves for the plain tail torpedo. Since the 
total phase lags increase with v or k in each ease, the 
180° crossings represent stable oscillations (see Sec¬ 
tion 8.4). These crossings happen to occur at k = 0.76 
for both tails. A similar calculation for a — 0.4 cor¬ 
responding to t = 0.10 see at 3334 knots, gives cross¬ 
ings which were used to construct the following table. 


Mark 13-2 Torpedo 

Period (T) in seconds and amnlitude (d™) for steering. 
= 12.1°, do = 0.5°, r = 0.1 sec. 


40 knots: 

33 Yz knots: 


Shroud tail 

T ft, 

1.66 0.82° 

1.89 0.77° 


Plain tail 
T do 

1.66 1.98° 

1.84 1 73° 


Both the assumed parameters and the calculated 
periods are m good agreement with observation; nj 
experimental data are available on /So. 
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It will be noticed that increase in 6 C and decrease in 
0 O increases the actuation lag, increase in r or <r in¬ 
creases the time lag, and removal of the shroud ring 
increases the torpwlo lag All of the* • rhtuig.«increase 
the overall phase lag and hence increase the period of 
oscillation. Thus the close agreement between the 
values for the periods with and without the shroud 
tail is due to a compensation between the increase in 


torpedo phase lag caused by removal of the shroud 
ring and the decrease in actuation phase lag caused 
by the increase in j8 0 that accompanies this removal. 
Tn similar fashion, increase in speed causes k to de¬ 
crease for given v and hence causes the torpedo iag 
and the actuation lag to decrease; the time lag is un¬ 
changed. Thus the lag am! t?*, period ul 

oscillation decrease. 
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STEERING CONTROL 



T he steering of the Mark 13-2 torpedo has been 
used to provide a numerical example of a pro¬ 
portional eontrol in Chapter 9 and of a two-position 
eontrol in Chapter 10. The methods available for 
constructing these controls will be diseussed in Sec¬ 
tion 11.1; Sections 11.2 and 11.3 deal with problems 
that arise in maneuvering in the horizontal plane. 
Before proceeding further, it is worth emphasizing 
that the use of a gyroscope as a standard of eourse 
direction is fundamental to all devices intended to 
steer the torpedo or to maneuver it in a predeter¬ 
mined manner. The long time errors that make an 
uncorrected gyro unsuitable for use as a compass are 
of little importance in the case of a torpedo, where 
the short duration of the run makes it possible to use 
a gyro of quite moderate dimensions and speed. 

ll.l AVAILABLE METHODS 

The problem to be diseussed here is that of making 
available a foree large enough to move the vertical 
rudders in accordance with the information supplied 
by the gyroseope, without producing a reaction on 
the gyro large enough to cause it to process appre¬ 
ciably. 

The standard pallet mechanism puts the valve of a 
pneumatically operated steering engine in one of two 
positions in accordance with the orientation of the 
outer gimbal of the gyro with respect to the torpedo 
body. The energy for moving the valve comes from 
the propeller shaft, which oscillates the pallet in such 
a way that it is tripped in one direction or the other 
by a blade on the gimbal without reacting back ap¬ 
preciably on the gimbal. Since the pallet carries the 
information to the valve only once per cycle, there is 
an inherent time delay in this system which is of the 
order of the period of oscillation. In addition, the 
torpedo must deviate from course by a finite angle 
before the pallet is tripped, and machining tolerances 
prevent this angle from being as small as might be 
desired. As was shown in C hapter 10, both of these 
effects lengthen the steering period, and hence in¬ 
crease the amplitude of horizontal oscillation and of 
roll. 

Another device that opera tes in the, same general 
maimer husfccoiAly Am I'H^l h.,r u» in s. 
eleetric torpedoes by the Westinghouse Electric and 


Manufacturing Company. A light roller attached to 
the gyro gimbal is arranged so that it makes a eon- 
tact whenever the torpedo is off eourse in one direc¬ 
tion, and breaks it when it is off eourse in the other 
direction. The contact is connected in series with a 
relay which passes eurrent through one or the other 
of two solenoids which move the rudders in opposite 
directions. In this ease the actuation phase lag (see 
Chapter 10) is negligible, but the time delay ean still 
be appreciable if the relay and solenoids are not 
properly designed. 

A pneumatie eontrol that has a more rapid re¬ 
sponse than the pallet meehanism and can also be 
used as a proportional eontrol has been developed by 
Columbia University and the American Can Com¬ 
pany for use on the Mark 25 torpedo. 1 his consists 
of a semicircular blade mounted on the gyro outer 
gimbal and eoaxial with it, whieh interrupts two jets 
of high-pressure air moving radially outward at op¬ 
posite ends of the diameter of the semicircle. Air is 
supplied from a single source to both jets and, after 
traversing the small gap in which the blade moves, 
goes into two receptive orifiees which lead it to oppo¬ 
site sides of the steering engine piston. When the gyro 
is centered with respect to the torpedo axis, the blade 
interrupts both air streams equally, and the pressures 
developed on the two sides of the piston are equal. A 
small motion of the blade causes more air to go to 
one side of the piston than the other and moves the 
piston -iiid hence the vertical »adders accordingly. 
The quite small reaction of the air stream baek on 
one edge of the blade is nearly eaneelled by that on 
the other etlgc. 

The hydrodynamic pressure on the vertical rudders 
produces a restoring force which is approximately 
proportional to the rudder deflection. Since the piston 
force is also nearly proportional to the blade deflec¬ 
tion. the entire system acts as a proportional control 
with properties somewhat like those asstffneu m 
Chapter 9; the time constant assumed there is sig¬ 
nificant, if the connecting air lines from the blade to 
the engine are more than a few inches in length. In a 
well-designed practical system, with line pressure of 
the order of 500 psi and piston area of the order of 
one square inch, the hydrodynamic restoring force is 
«n small that for the time constant encountr’ ihe 
quantity y in equation (1) of Chapter 9 eu.i be made 
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to exeeed the maximum value at whieh the system 
operates as a stable proportional control (see Chapter 
9). It then operates as a transitional system and for 
large y may be treated as a two-position control. 

A proportional system may be developed along 
these lines by loading the steering engine output with 

rinffs large enough to reduce y to the stable range. 
This is referred to as a force-proportional control. It 
is the force exerted by the steering engine rather than 
its position which 10 pi of "'(Lluiidl tu the blade do 
flection, and the engine or rudder position is propor¬ 
tional to this only if the restoring force has a fixed 
proportionality constant and static or Coulomb fric¬ 
tion ean be negleeted. The hydrodynamic restoring 
foree depends on the speed but is generally much 
smaller than the spring restoring foree, whieh ean be 
made quite constant and reproducible. 

While in principle positioning type engines and 
phase advance schemes may be applied to the steer¬ 
ing problem, this has not been attempted thus far, 
and it seems unlikely that it will be in the near future. 
These techniques will be diseussed in Seetion 12.1 in 
connection with depth controls. 


with rudder amidships. Sinee the Mark 13-2 torpedo, 
with or without the shroud ring, is dynamically stable 
(and all other torpedoes that have been studied ap- 
pear'to be as well), the methods of this seetion are of 
practical interest. If it were ever necessary to study a 
dynamically unstable torpedo, however, the present 
treatment would be inadequate, and it would be 
necessary to include the steering control as a funda¬ 
mental factor in the motion. 

TUvo n i m+irtnc t * 1 «nlved are f 1.01 of Chapter 7 

with w = b = 0 : 


m 2 a' + Cia + mil = — Cx|o , 
C m a + nil' + CkH — • 


( 1 ) 


The solutions of these inhomogeneous equations are 
the same as for the homogeneous equations con¬ 
sidered in Section 7.2, exeept for the addition of con¬ 
stant terms: 


a = aiC’’ 1 ’ + on>e P! ‘ + “3 , 
£2 = £2 1 e D i* + il#"*’ + ils ■ 


( 2 ) 


11.2 MANEUVERING: 

APPROACH TO TURN 

It is sometimes useful to bo able to predict the tra¬ 
jectory of a torpedo in the horizontal plane when the 
rudder is manipulated in accordance with some pre¬ 
determined plan TUo two examples to be worked out 
in this section and the next illustrate the principal 
features of calculations of this type. In the first ex¬ 
ample, it is assumed ctia 1 tup toipedo is i aiming on a 
straight course when the rudder is suddenly thrown 
hard over and maintained that way. The torpedo 
then makes the transition from the straight run to 
the steady turning eirele. In the seeond example 
(Seetion 11.3), it is assumed that the torpedo is in its 
steady turn when the rudder is suddenly brought 
amidships, and the transition to a straight course is 
to be found. These examples provide the elements of 
the ealeulation of an angle shot, and extensions of the 
ealeulations to other problems of practical interest 
can be made. 

For illustrative purposes it is permissible to leave 
the actual steering mechanism out of consideration 
and to assume that the only rudder motion is a rapid 
transit from center position to haid over, or vice 
versa. This gives sensible results if the torpedo is 
dynamically stable (see Section /.2) since then the 
undisturbed torpedo will run on a straight eourse 


The characteristic exponents pi and pi are as given 
in equation (15) of Chapter 7. 

For the first example, in whieh the torpedo is 
going from straight course into a turn, £ 0 is the full 
rudder angle, and the initial conditions (at s = 0) are 
0 = a = Q = 0. In this treatment the roll angle of 
the torpedo in a turn is neglected. The initial values 
of a and il’ are also required in order to evaluate the 
4 ft ml It** be obtained from 

the equations of motion ( 1 ; at s = 0 ; the insult.- aie 


W = ^ • 

n 

The values of « 3 and il 3 may be obtained by substi¬ 
tuting ( 2 ) into ( 1 ) and equating terms independent 
of s. The solution of the resulting equations is 

_ _ (CkCx ~b niC„)g 0 

- (C t C K - mCm) ’ 

(4) 

Q ( ClC p ± 

3 (CjCjc — mC„) 
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The initial values of a, 9 and their derivatives then 
give the following equations for the other coeffi¬ 
cients of ( 2 ): 


GL\ , CX2 — #3 : 


9i -j- fl2 — — ^3 , 


PlOtl + = 


— Cx£o 

> 

fUo 


(5) 


, n — ^ 

P\9t + P2^2-• 

n 


The solutions of equations (5) are 

( — Cxgo/?M2 + PiPa) 
(p l - Pi) 

(Cxfo/»»2 - Pi da) 


<*i = 


d2 = 


9 = 


£2 2 — — 


(Pi - Pa) 

(CVfo !n + P 2^3) 
(Pi - Pt) 

(C ,,£0 w + P 1 U 1 ) 


( 6 ) 


(Pi - Pa) 


Equations (2), (4), and ( 6 ) give the complete solu¬ 
tions for a and 9 as functions of the distance s along 
the trajectory measured in torpedo lengths. 



Equations (7) may be integrated to give 
x(s) cos 6(z)dz , 

2/00 sin 0{z)dz. 


(8) 


Since 9 will be given in terms of exponentials of its 
argument, the integrals in ( 8 ) cannot be evaluated 
analytically except as infinite series. For many pur¬ 
poses, the leading terms of these series are sufficient; 
these are obtained by putting cos 9 = 1 , sin B = 9, 
when 


a-(s) = s , 2 / 0 ) 




9{z)dz. 


(9) 


The trajectory given by (9) is accurate so long as 
the course angle 9 does not become large. Thus, for 
the errors to be less than 10 per eent, 9 must be less 
than 0.45 radian = 26°. It is evident, however, that 
since the torpedo is going into a cirele, 9 will become 
arbitrarily large after a sufficiently long time. This 
does not affect the usefulness of (9) so long as the 
motion becomes circular before 9 is large since then 
the steady turning circle can be fitted on to the tran¬ 
sient phase of the motion which is described by equa¬ 
tions (9). An explicit expression for the course angle 
is obtained by integrating 9. as given by (2) and 
adding a: 


9{s) = c*i c " 18 + ctiC p ” + <*3 + 


(e p*-!) 
Pi 


Vigure 1. Illustrative diagram of trajectory with 
coordinates along and perpendicular to the original 


The orientation angle 0 may be obtained by inte¬ 
grating the equation (?' = 9, and the course or tra¬ 
jectory angle is then 9 — 13 + a (see Figuie 2 of 
Chapter 7). Now if x and y are rectangular coordi¬ 
nates along and perpendicular to the initial course of 
the torpedo, measured in lengths, the following rela¬ 
tions are valid: 


+ -D + OjS. (10) 

Pi 

The asymptotic form of this as s becomes large is 

9{s) ——*- ^3 ----') + O 3 s , ( 11 ) 

\ Pi P 2/ 

which makes the trajectory a circle of radius (meas¬ 
ured in lengths) p = 1 /^ 3 . 

_ . , ,1 __ f /n\ ~~ ~ ,v Krt 

Tiie question as to me accuracy ui \vj maj 
put as follows: does the 9(s) given by (10) approach 
the asymptotie form ( 11 ) sufficiently closely before 
9 becomes large enough to invalidate the approxima¬ 
tions made in deriving (9)Y Hetaining the 10 per cent 
criterion of accuracy, the requirement is that 


dx 

ds 


= cos 9 , 


— = sin 9 . 
ds 


(7) 


Piso 


:£ 0.1 forfl(so) = 0.45 . 


( 12 ) 
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The smaller exponent pi, given by the upper sign in 
equation (15) of Chapter 7, is used since it furnishes 
the more stringent criterion. In calculating s 0 from 
the second part of (12), the asymptotic form (11) 
may be used. 

If now it is assumed that the criterion (12) is satis¬ 
fied, the complete trajectory is readily calculated. An 
important parameter of this motion is the distance 
parallel to the initial course from the point at which 
the rudder is thrown over to the center of the steady 



Figure 2. Diagram illustrating torpedo reach and 
method of calculation. 


turning circle. This “reach” R of the torpedo is seen 
from the diagram in Figure 2 to be given approxi¬ 
mately by 


( 0.45 — 0:3 -|- Qi/pi -f- Qj/pi) _ R 4~ 0-4 5 


Thus the accuracy criterion becomes 

-pis# = |pi| • (R + 0.45p) 2; 2.3 ; (17) 

this does depend on p and hence on £ 0 . 

Substitution of the provisional torpedo parameters 
given m Section 9.1, into the above equations gives 
the following approximate numerical values for the 
Mark 13-2 torpedo with and without the shroud ring: 


Shroud Plain 

p (lengths) 88.5 17-7 

p (feet) 1,190 238 

It (lengths) 1.61 4.22 

It (feet) 21.6 56.7 

-i>,s„ 23.2 2.80 


The accuracy criterion, which is barely satisfied by 
the plain tail torpedo, is very well met by the shroud 
tail torpedo. In general, a small value of R is asso¬ 
ciated with a large degree of dynamic stability; the 
more stable the torpedo, the more rapidly it ap¬ 
proaches a new state of steady motion. 


11.3 MANEUVERING: 

PULL-OUT FROM TURN 


R = x- P e = s-~. (13) 


Substitution of (11) into (13) gives 

_ (fli/pi + Si )); ~ <*3) (i4) 

ih 

which is independent of s, as, of course, it must . 1 
the method of calculation to be valid. Equation (14) 
may be simplified with the help of (4) and ((5) to 

p _ C K - Mm 2 - m ) + nCi + m 2 C K ( 15 ) 

Cm 4“' XC( ( l( K 7HC„i 

Here X = CJC\ is the fraction of the torpedo length 
aft of the CG at which the effective rudder force is 
applied. It is interesting to note that R is independent 
of So and hence of the turning circle radius p for a 
given torpedo. From (12) and (11), So is seen to be 


As the second example, a solution of the equations 
of motion will be obtained for the case in which the 
rudder is suddenly set amidships while the torpedo is 
in a steady turn. The equations are now (1) with 
£ n = 0, from which it is seen that the solution is (2) 
with a 3 = = 0. The coefficient a h a 3 , fit, and fi 2 

can be found as in Section 11.2 in terms of the initial 
conditions. It will be assumed that at s = 0, when 
the rudder is thrown amidships, the orientation of 
the torpedo is 0 = 0 and the torpedo is circling to 
the left. Since in the steady turn the torpedo noses in 
toward the center of the turn, the initial value of a is 
negative and equal in magnitude to the a 3 calculated 
from the first of equations (4). In similar fashion, the 
initial value of S2 is positive and equai to the 123 calcu¬ 
lated from the second of equations (4). The initial 
values of a and Q.' may be found from the equations 
of motion, as before. 

The solution for the course angle 6 is given by (10) 
with (3 3 = fi 3 = 0 so that asymptotically 0 approaches 
a constant value 0„, and the motion approaches a 
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straight line. The trajectory may be found by inte¬ 
grating the approximate equations (9): 


y(x) 


Ah _|_ 

\pi pJ 


0,\ _ , ( ai + Qi/pO (e P11 - 1) 

X i 


p 1 


_|_ (<*2 + Q 2 /P 2 ) (<+* ~ 1) 

Pi 

where x has been substituted for s. The asymptotic 
form of this is the straight line: 

y(x )- *-8„x — 8. (19) 


For the situation illustrated in the Figure 3-, «o is 
negative and £2o is positive. Since a 0 and Qo are pro¬ 
portional to the rudder throw £0 in the initial turn 
(see equations 4), 8 and 6 „ are also, and the quantity 
S/0„ is independent of £0 and hence of the initial 
turning radius. 

Numerical values may be obtained with the help of 
the approximate constants given in Section 9.1. 
Equations (20) then become 

6 c o = —0.98<*o + 0.473fto, 

8 — — 3.79a 0 + O.5O5fi 0 (shroud) ; 


y 



= -5.45c*o + 0.954 fio,' 

5 = -28.9ao + 3.33fi„ (plain) . (21) 

From the results of Section 11.2 

( 2 0 — — .0065 radian = — 0.37° , 

fi 0 = .0113, (shroud) ; 
a 0 = —.0284 radian = —1.63°, 

Qo = .0565 , (plain) . (22) 


Substitution of the' torpedo parameters into the ex¬ 
pressions for no, etc., gives 


— tv ( 2 (, -f- nCiQ 0 

CiC K — mCm 


( 20 ) 


Substitution of (22) in (21) gives finally 



Shroud 

Plain 

0 CO 

0.7° 

12,0° 

0 

0.030 

1.01 

0 CO 

2.6 

4.8 


- [ C K ( CiC K - mC„) + (\,{n Ci + n^fV) ]ffl 2 o?o 

(CiCk - 

1 Ci(n£i + m2C K ) — (m2 — m)' iCk — mC j 
(CiCk — m (' m ) 2 


8 and 8 are, of course, measured in lengths. It is 
apparent that the increase in stability that accom¬ 
panies the addition of the shroud ring greatly reduces 
the angle by which the torpedo overshoots the desired 
new heading. 
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12.1 AVAILABLE PRINCIPLES AND 
METHODS 

I t IS NATURAL to think of the depth of a torpedo as 
being controlled simply by a hydrostatic bellows 
or some similar pressure-indicating device. According 
to such a scheme, if the torpedo rises above set depth, 
the hydrostat calls for down elevator, and conversely. 
However, it is easy to see from the N yquist criterion 
discussed in Section 9.1 that a proportional control 
based on this principle would be unstable. If h is the 
distance of the torpedo above set depth and £ is the 



Figure 1. Nyquisl diagram from curves in Chapter !>, 
Figure !. 


elevator angle, the relation between the two quan¬ 
tities should be £ = —trh, where a is a positive propor¬ 
tionality constant. According to the curves oi the 
phase of /) 0 /£o presented in Figure 4 of Chapter 9, this 
would give a Nyquist diagram of the form shown 
schematically in Figure 1. Since this encloses the 
unit point for any value of a, the system is unstable. 
Tn similar fashion, since the lag of h behind £ is 
always greater than 180°, the discussion of Chapter 
10 shows that a two-position control based on hydro- 
stat indication alone will not give satisfactory opera¬ 
tion. 

From a physical viewpoint, it may be said that the 
hydrostat fails to give stable control because it does 
not anticipate incipient Ajra.tLli3 tWi (il 


before they develop to such a point that they cannot 
be handled. This lack of anticipation is equivalent 
mathematically to excessive phase lag (greater than 
180°). In order to get a stable control it is necessary 
to introduce an anticipatory device, which has the 
effect of decreasing the overall phase lag of the sys¬ 
tem. This can be done in a variety of ways, but in 
each case it is necessary to retain the hydrostat as 
part of the control mechanism in order that the tor¬ 
pedo may have an indication as to the depth at 
which it is supposed to run. Thus the problem of 
depth control during the steady run may be said to 
he the resolution of a conflict between too much 
anticipation and too little hydrostat on the one hand, 
which permits minor disturbances to give rise to 
excessive wandering from set depth, and too little 
anticipation and too much hydrostat on the other 
hand, which leads to instability. I his situation mani¬ 
fests itself both when proportional and two-position 
controls arc used. 

The most widely used anticipatory device is the 
pendulum. The hydrostat is usually coupled to the 
pendulum through a linkage and the pendulum to the 
elevators through a depth engine. Thus the orienta¬ 
tion of the pendulum with respect to the torpedo, 
and hence the position of the elevators, depends both 
on the orientation angle 13 of the torpedo in space and 
on the force exerted on it by the hydrostat. Since the 
torpedo usually noses up bef .re decreasing its depth, 
the pendulum, insofar as it indicates inclination of 
the torpedo, serves the desired purpose. r l he dia¬ 
grams in Figure 2 show schematic Nyquist curves 
(derived . on f igures 2 and 4 of C hapter 9) for a 
pendulum control alone, for which £ = -7 13, and for 
combined pendulum-hydrostat controls, for which 
£ _ _ 7 [(3 + h (H'/F)], where for the present pur¬ 
pose 1 3 is measured in degrees and h in tect. 1 he 11 / V 
ratio is the number oi feet of depth change that is 
equivalent to r of change of inclination. It is clear 
f,oin the diagrams that La, small « If "V l™ds to 
instability; as pointed out above, too large a W/V 
suppresses the hydrostat effect so that the torpedo 
may be too insensitive to depth. W/V values now in 
use range for the most part from 2 to 4. 

The foregoing discussion assumes that the system 
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IDEAL PENDULUM ALONE 



is ideal in the sense that the hydrostat indicates 
depth, the pendulum indicates inclination, and the 
combined signal is transmitted without delay to the 
elevators. Actual depth controls fall short Oi this 
ideal in all three respects. The hydrostat indicates 
pressure rather than depth, and this varies from point 
to point over the torpedo and with its speed and 
pitch. Enough data are available on dynamic pres¬ 
sure distributions to take this into account in making 
the calculations. The effect is generally small and can 
be made negligible by suitably placing the hydrostat 
intake. 

The pendulum is acted upon both by gravity and 
accelerations and, moreover, possesses inertia which 
affects its displacement. The accelerations acting on 
the pendulum depend not only on the translational 
motion of the torpedo, but on its rotational motion as 
well since the pendulum is usually mounted some dis¬ 
tance from the CG of the torpedo. The effect of 
accelerations and inertia on the motion of a pendulum 
is best found by setting up the Lagrangian equation 
of motion in terms of the orientation angle x of the 
pendulum in space, when the torpedo range traveled 
r, height h, and orientation angle —/3 are specified 
functions of the time. Suppose that the pendulum 
pivot is mounted a distance Xq aft of and yo above the 
torpedo CG, that L is the distance from its center of 
mass to the pivot, and that its mass and moment of 
inertia about the pivot are M and 7. Then the equa¬ 
tion of motion is 


LARGE W/V 



SMALL W/V 

Figure 2. Nyquist diagrams for various pendulum 
controls. 


External torques MgL X sin x t u 

(gravity) (inertia) 

-f- MLrX.v os x ■+■ MLhy.^'n x + MLXfP -\-MLYji, 

(longitudinal ' (vertical (centrifugal (angular 

acceleration) acceleration) acceleration) acceleration) 

( 1 ) 

where the origin of each term is indicated in paren¬ 
theses beneath it. Here X = cos (x + P) ~ V» 
sin (x + 0) is the distance from the torpedo CG to 
the pendulum along a line perpendicular to the pen¬ 
dulum, and Y = x 0 sin (x + ff) + Vo cos (x + 0) is 


the distance from the pendulum piv 


r*+ nf 


intersection of this line with the pendulum, measured 
positive when the pivot is above the intersection 
point. 

Equation (1) can be linearized by assuming that 
all angles are small. It is of interest to express the 
motion in terms of the angle = x + 0 that the 
pendulum makes with the perpendicular to the tor¬ 
pedo axis since it is the orientation of the pendulum 
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relative to the torpedo that provides a useable signal. 
The result is 

Ip + Mg Lip = External torques — MLf — MLxoh 
-[(I- MLY)f 3 + MgLp] . (2) 

The first term on the left side is the inertia of the 
pendulum, and the second term is the gravitational 
restoring torque. Among the external torques may be 
a spring restoring torque proportional to p which 
would modify the gravitational term and a viscous 
damping torque proportional to p. The next two 


the fi terms are of particular interest since the pendu¬ 
lum was originally introduced to provide a measure 
of p. It is evident that the effect produced by change 
of orientation depends in general on the rate or fre¬ 
quency of the angular motion of the torpedo. In par¬ 
ticular, there is a frequency of sinusoidal oscillation, 

Q 

I /(ML - Y) 

for whieh there is no pendulum motion contributed* 
by the p terms. This is referred to as an antiresonance 


is 

(4) 



terms on the right side are the torques produced by 
longitudinal and vertical accelerations; the latter of 
these vanishes if the average orientation angle xo of 
the pendulum is zero (vertical in space). The last 
terms on the right side include the additional gravi¬ 
tational torque due to inclination of the torpedo, and 
the effect of angular acceleration of the torpedo. 

Suppose now that the hydrostat coupling (which 
appears as one of the external torques) is neglected 
for the moment, and a spring restoring torque Kp 
and damping torque Rp are introduced. Then equa¬ 
tion (2) becomes 

Ip + Rp + (MgL + K)p 

= -MLf~ML X oh-[{I-ML\ )p+MgLp\ . (3) 

This may be thought of as a pendulum having an 
impedance characterized by the inertia, damping, 
and stiffness coefficients on the left side and driven 
by the f orcing terms on the right side. Of these latter, 


frequency, in contrast with the resonance frequency 

(5) 

which is the natural frequency of the peri iulum and 
springs (provided the u mping term R is not too 
large). The antiresonance frequency is equal in mag¬ 
nitude to the natural frequency of a simple pendulum 
the length of which is equal to the distance of the 
center of percussion of the pendulum below the point 
of intersection of the pendulum with a line through 

» ^ I 1 — t- M fVjn Tf 

t,ne torpeuu v vj* pel peuuic.uia.1 it) mo pouUuium. ** 

the center of percussion of the pendulum is above the 
intersection point, the antiresonance phenomenon 
docs not occur. Considered from the point of view of 
the Nyquist diagram, the resonance and antireso¬ 
nance can each introduce phase lags of the order of 
180°; since the former is associated with a large am¬ 
plitude and the latter with zero amplitude, the order 


CONFIDENTIAL 




146 


DEPTH CONTROL 


in which they occur as the frequency increases may 
be of importance in determining the stability of the 
control. Tins is discussed f uitliol' ill ScotioIV 1*2.2. 

It is clear, therefore, that a pendulum is far from 
an ideal device and can introduce additional phase 
lags and amplitude changes which may be (and 
generally are) undesirable. This has led to the inves¬ 
tigation of other methods for obtaining the antici¬ 
patory action necessary for satisfactory operation. 

punJu&itn taettlu Rn *vi«*mi«w** iisay be tTi-rui¬ 
nated bv capturing the pendulum so that its motion 
is severely limited. A pneumatic proportional control 
has been developed along these lines by the Foxboro 

( i jl, n)i it! ioii ill v- Slid, a food bade TH.K .' i j.j 'Vi. 7- it 
torque which is just sufficient to keep the pendulum 
from moving. The same torque operates the eleva¬ 
tors so that the system supplies a signal proportional 
to the right side of equation (3) and eliminates the 
impedance lag inherent il. the left sitl.. A Vv-TV sitft 
pie captured pendulum has been used by the West- 
inghouse Electric and Manufacturing Company on 
some of their electric torpedoes. This is a two-posi¬ 
tion control in which the pendulum is permitted just 
enough motion to make or break an electric contact 
which supplies current through a relay to solenoids 
that move the elevators. While controls of this type 
remove the impedance lag, they cannot, of course, 
make the pendulum insensitive to accelerations. 

For some applications it is important to have a 
depth control which is unresponsive to accelerations. 
Controls of this type have been constructed by the 
T T nited Shoe Machinery Corporation, using a gyro¬ 
scope as a standard of orientation in the vertical 
plane. An ttiiwflvHed gyro w Ui^it'Vrwtwy k r this 
purpose, even though it can be used for steering, 
since the iimitat’ is on depth are far more severe 
than those on deflection. The USMC controls have 
therefore evolved along two lines. First, the gyro is 
precessed by friction so that it tends to be oriented 
perpendicular to tilt t,*j’p«edo axis In this arrange¬ 
ment the gyro corrects for small deviations from 
running orientation angle, and the hydrostat adjusts 
the average depth. -Second, the primary indawpiAbrti 
is provided by a rate of change of depth indicator, 
and additional stability is obtained from a spring 
captured gyro which indicates rate of change of 
orientation angle Although this latter system has 
not as yet been tried, analysis indicates that it should 
be successful with reasonable values of the param¬ 
eters. The hydrostat-rate of depth control without 
the gyro had been tried earlier b> Foxlxn o ,uul p.e- 


liminary results were unsatisfactory. The computed 
margin of stability turns out to be very small with 
swell a control, partii.nlaviy with the plain tail Mark. 
13-2, which is somewhat less stable than the present 
shroud tail torpedo. Addition of the captured gyro 
should make this a practical device. 

Thus far, very little has been said about the trans¬ 
mission of the depth-control signal to the elevators. 
This is the third point at which the overall system can 
deviate furtt (lie Llcul All A.a4« jlram <** with 

the exception of some of those under development by 
Westinghouse use proportional depth controls and 
therefore require a depth engine which will transmit 

rii itrirrsd rfidie&tion with,All dJ&y Jt ri auge 
amplitude and with sufficient force output to operate 
the elevators. Such proportional engines may be 
grouped into two classes: force-proportional engines 
and positioning engines. Force-proportional steering 
controls wttv dfemsswl in Kwtfon 11.1. A pneumatic 
device of the type described there has also been de¬ 
veloped by Columbia University and the American 
('an Company for the depth control of the Mark 25 
torpedo. A force-proportional electric control has 
been used experimentally by Westinghouse. This 
control has a multi-contact unit (Silverstat) which 
changes the current through the elevator solenoids in 
discrete steps as the pendulum orientation changes; 
as with the pneumatic control, the elevators are 
loaded with springs to insure proportional action. 

The standard depth engine used until recently on 
all American torpedoes is of the positioning or dis¬ 
placement-proportional type. In this engine any 
difference in displacement of the piston and the valve 

S±Wl.r, n-birh ip PItwnJvpJ tu 1 he p I il ill l JWrtlluiV" 

an unbalanced air force on the piston which tends to 
bring it into line with the valve. It suffers from the 
drawback that, due to close machining tolerances, it 
is difficult to manufacture and adjust and, unless 
maintained in optimum condition, will not respond to 
rapid motions of the pendulum. An improvement on 
this has recently been developed in conjunction with 
the blade type force-proportional control for possible 
bo- . In ri is - Apt; We tfoc pppMu 

lurn carries a jet which feeds high pressure air into 
one or the other of two receptive orifices, causing the 
pendulum support to move until whatever force is 
being exerted on the pendulum is balanced by a 
spring and the pendulum remains in its neutral 
orientation. The pendulum support is rigidly con¬ 
nected to the elevators and hence displaces them in 
proportion to riie 'p od iViTTn t.i'n .ui. 
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All of these engines suffer to a greater or lesser 
extent from phase lags, and these impair the opera¬ 
tion of both proportional and two-position systems. 
Such lags tend to make the former unstable (see 
Section 9.2) and increase the period of the latter until 
the amplitude of the depth wave is excessive (see 
Chapter 10). The best way in which to reduce such 
lags is by careful design, construction, and main¬ 
tenance. In pneumatic controls, connecting air lines 
should be as short as possible, high pressure air 
should be used, and provision should be made tor 
exhausting a S ~t Vufl as filling engine cylinders. In 
elect.w controls, relay vjp ititidi ,/.'till be as 

rapid as possible and time delays due to current 
build-up in solenoids should be reduced by proper 
design. In two-position controls in particular, phase 
advance schemes have been employed with consider¬ 
able success to partially compensate for time delays 
and other phase lags that cannot be eliminated. These 
may involve spring-dashpot systems mounted on the 
pendulum which add derivatives of the pendulum 
displacement tc tin- signal supplied <o live depth 
engine. Perhaps the most successful attempt along 
these lines is that employed by Westinghouse in one 
of their two-position electric controls. The pt ndulu.n 
is allowed to swing nearly freely and a contact-relay 
system is set up so that the elevators are thrown up 
when the pendulum leaves one of two contacts spaced 
a finite angle apart, and throw n down when it leaves 
the other. Although the relay system is more compli¬ 
cated here than Hi the -mpiHrvd iwt*- 

dulum, the gain from the advanced phase at which 
elevator action takes place more than compensates 
for the slight increase in relay time delay. 

Two effects which have not as yet been given the 
attention which they deserve from an analytical 
point of view are Coulomb or static friction and free 
play. Static friction can affect the motion of the 
pendulum, or the engine motion directly in a force- 
proportional system. Free play can occur in the pen- 
dulum-hydrostat linkage or in the engine output. 
Both of these are non-linear effects and hence diffi¬ 
cult to take into account without great theoretical 
cemplisatiensi It seems, however, + h<.+ h«th of these 
effects will introduce additional phase lags into any 
control, and this is their principal effect in two-posi¬ 
tion controls. In proportional controls they may also 
produce oscillations, not necessarily periodic in char¬ 
acter, of sufficient amplitude to lake up tl. _ friitlciirfkl 
force or the displacement free play. In well-designed 
systems these oscillations are probably too small to 


observe in the overall motion of the torpedo, but 
might, be detected with suitable instrumentation. 


12.2 EXAMPLE: PENDULUM-HYDRGSTAT 
PROPORTIONAL CONTROL 

As an illustrative example of a depth control, a 
simple pendulum-hydrostat proportional system will 
be considered in this section with the help of the Ny- 
qnist, criterion. It will be assumed that the pendulum 
is mounted vertically in space when the torpedo is at 
its running orientation angle so that xo = 0. Since 
The JwLg and Kuvst wtily miy 

slightly on attack angle, equation (4) of Chapter 7 
indicates that the longitudinal acceleration is zero. 
Then the pendulum equation (3) becomes 

+ I\yj/ + (MgL -f- K)\j' 

= -[(/- MLY)H + MgLp} + , (6) 

where ahydmstul limpie has been added correspond¬ 
ing to a particular W/V ratio; angles are measured in 
degrees and depth in feet. It will be assumed that the 

depth CIigTTle Is an iui .ii jTk the; positioning tV,l. 

so that 

f = oV' • (") 


In using the Nyquist method, it is necessary tu 
find the steady response of the pendulum to oscillat,- 

i>g IL 1 'll i All JIM,-ids>' frequency eo I = ftp?’"', etc.). 

In the notation of Section 9.2, equation (6) gives 


+ [ MgL — (I — ML J>* ] ft, ■+■[ MgL/(W/V)] h 0 


(MgL -f K) — ho 2 -|- ? 7 ?co 


( 8 ) 


With the substitutions 


<jM (jL 
MgL + K ’ 

2 irR 

MgT ■ -f- K ' 



(9) 


C0« 
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where om and co/e are defined by (4) and (5), equation 
(7) becomes 

t * — _ t[~<3q(1 — v 2 /va 2 ) + ho/{W,'V)] ' 

[ 1 — v 2 / vr 2 + ipv] 

This may be expressed in terms of the torpedo- 
response functions plotted in Figures 1, 2, 3, and 4 of 
Chapter 9 to give an overall response function for the 
torpedo plus control: 

£o*_7[ (lW£o) (1 ~ v ~! Fi 2 ) + (fto/feO /(^ /1 _ (n) 

£ 0 1 v' 2 /v R -+ ipv 

Current practice with the Mark 13-2 torpedo 
favors values close to 7 = 3, W/V = 3; vr is gener¬ 
ally about 1 c, and v A may vary over a wide range. It 
is clear then from a comparison of Figures 1 and 3 of 
Chapter 9 that for a considerable frequency range 
around 1 c, which corresponds to k = 1.3 at 40 knots, 
the magnitude of / 3 0 £0 is much greater than the mag¬ 
nitude of (/i 0 /£o)/( 1F/F). Thus the 0 term is the 
dominant one, except near v A , where it vanishes be¬ 
cause of the antiresonance. For moderate values of 
the damping coefficient p, the resonance will cause 
the overall response to become large near vr. Now 
both the resonance and the antiresonance have phase 
lag increases of the order of 180° associated with 
them. Thus the structure of the Xyquist curve is 
altered in a fundamental way as v A is changed from 
a value less than vr to a value greater than v n . This 
is illustrated schematically in Figure 4. In each case, 
the curve passes close to the origin near the anti- 
resonance frequency and describes a large semicircle 
near the resonance frequency. It follows that the sys¬ 
tem is stable when v A < vn and unstable when v A > vr. 

The standard Mark 13-2 depth control appears to 
fall in the latter class, with v A slightly greater than 
vr. However, the pendulum damping is large, and 
this has the effect of reducing the magnitude of the 
resonance peak. A careful computation, which is 
based on the best available parameters for both tor¬ 
pedo and control and which considers other effects 
+ 1 — a;c.„,,i>=;r>n of this section (dependence 

of hydrostat pressure on attack angle and the finite¬ 
ness of xo), shows that the plain tail torpedo is just 
on the edge of instability at 40 knots. Reduction of 






Figure 4. Variation of Nyquist eurves with the 
change in the va (pendulum antiresonaat frequency), 

VR (pendulum resonant frequency) relationship. 

the speed to 33J^ knots, or addition of the shroud 
ring, or both, serve to put the torpedo well into the 
region of stable operation. Reduction of speed re¬ 
duces the phase lag and increases the gain, but the 
former effect is more important than the latter; addi¬ 
tion of the shroud ring decreases both phase lag ana 
gain. Thus both of these changes improve the sta¬ 
bility. 
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POWER PLANT 



W hen this report was first projected, it was 
planned to include a discussion of torpedo 
power plants. However, while this report was being 
prepared the United States Navy Coordinator of 
Research and Development requested the N ational 
Defense Research Committee to undertake a tor¬ 
pedo survey under Project N-121. A panel of experts 
was assembled, and among the subjects upon which 
a report was presented was torpedo power plants. 
- As this report is presumably available to interested 
parties through the Office of Naval Research and is 
quite comprehensive, it is not thought necessary to 
present here in a degree the same material. 

For additional detailed information on torpedo 
power plants the reader is referred to the Bibliog¬ 
raphy. 
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Aerodynamic constants of torpedoes 
see Mark 13 torpedo, aerodynamic 
constants 

Ailerons, gyro-controlled (roll stabi¬ 
lizer), 37 
A.. trajectory 

see Aircraft torpedoes, theory of flight. 
Aircraft torpedoes, 10-15 
see also Mark 13 torpedo 
air travel, 10-11 
breakable wood tail, 10 
control of underwater run, 13-15 
requirements, 4, 6 
speed and range, 4 
steering accuracy, 4 
water entry, 11-13 

Aircraft torpedoes, tbeorv of flight, 

21—to" 

t\jiHim«suu with ‘.light in vacuum, 

34 

damping coefficient, 10, 42-44 
drag coefficient, 44 

'4 ir*g 'tug 411 15 
effect of stabilizers, 24 
equations of motion, 21-25 
horizontal distance and velocity, 21, 
27 

lift "oefficient, 24 

moment coefficient, 10-20, 22, 42-45 
pitchoseilla'ions, 24-25, 30-32, 38-40 
probab! calc hit ion errors, 3S 
release < edit .ons, 32-30 
roll, 37,40 

torpedo center of gravity, 26- 27 
trajectory angle, 28-30 
vertical fall and velocity, 21, 20, 27, 
ai-4Z 

wind,40—40 

yaw oscillat ions, 25, 30-37 
American Can Company, 138 
Angular velocity in air, 32 
Angular velocity in water, 00-08, 76- 
77 

entry velocity, 11 
formulas ,76 
nose shape, 60-65 
torpedo stability, 118-119 
whip of torpedoes, 54, 61-67, 76 
yaw, 76 

Automobile torpedo 
dvfm'tkni, 5 

predetermined course and depth, 7-8 
speed,3 

Axial velocity, 59-60 


Blackwell, diameter of water cavity, 73 
British research 

M.A.T. IV 7 torpedo stabilizer, 10, 45 
rebounding effect of torpedo, 99 
torpedo stabilizer, 10, 45 
Broaching of torpedoes, 112-113 . 

California Institute of Technology Tor¬ 
pedo Launching Range, 52 
Cavitation, 68-106 
cavity contraction, 97 
cavity diameter, 73 
deep closure, 84-86 
definition, 100 
drag coefficient, 75, 101 
formula for cavity shape, 84 
initial phase, 11-12 
kinematic theory of cavity shape, 

7'4 74 

nose contact with water, 08-84 
position in cavity, 89 
radius of cavity after impact, 74 
mcfiJuniiH I'laMi ins <i r fiJUim- n-^urvl. 

84, 103 

shroud ring, i 12 

studies using scaled models, 103-104 
surface closure, 86-87 
tail forces, 87, 99, 105-100 
t ime of closure, 85 
trajectory angle at cavity, 97 
t tansition region, 99-103 
water entry of torpedo, 84-106 
whip-producing stage, 104-105 
Columbia University, pneumatic con¬ 
trol, 138 

Control mechanisms, 7-8, 13-15, 123- 
148 

dependence on torpedo hydrodynam¬ 
ics, 7 

depth control, 4-5, 14-15, 127-128, 
143-148 

effect on trajectory, 110-111,126-127 
pneumatic control, 104, 138-139 
proportional control, 123-125, 129- 
134, 138-139, 140 
purpose, 123 
requirements, 7-8 
roll control, 106-107, 127-128 
steering control, 4-5, 14, 127-128, 
138-139 

Mew posW*oii w.rAn.b 'I2V-U!r, 4-95- 
137 

types, 123 

Cross force, 20, 98-99 


Damping coefficient in air 
drag ring, 43-44 
Mark 13 torpedo, 43-44 
pitching motion, 34 
propeller, 42 
stabilizers, 10, 43-44 
Depth control, 14-15, 143-148 
depth engine, 146-147 
effect of l oll, 127-128 
effect of shroud ring, 112 
effect on steering, 127-128 
effect on trajectory, 12 
gyroscope control, 15, 146 
influence exploders, 4 
limitations of hydrostatic bellows, 
143 

pendulum, 15, 143-148 
principles and methods, 4-5, 143-147 
prvportWAial cwtiltvl, lvll, ITS ITS, 
129-134, 138-139 
reduction of phase lags, 147 
requirements, 4-5 

lrpnjcnk«uw i Us i letsUj'- 

146 

Destroyer-launched torpedoes, 4 
Drag coefficient 

as function of cavitation parameter, 
75,101 

as function of pressure distribution, 
75-76 

at water entry, 12 
effect, of head shape, 95-96 
effect of nose shape, 74-75 
for Mark 13 torpedo, 44 
for rockets, 96 
formulas, 29, 74 
m aii, Zi5-'z6, 44 

measured by potential flow method, 
74-75 

of propellers, 95 
of shroud ring, 95 
of torpedo nose, 11, 74-75, 84, 96 
of torpedo tail, 85, 94-96 
Drag ring, 43-45, 52-58 

damping moment coefficient, 43—44 

effect on air trajectory, 34 

Mark 1; 10, 43-45 

peak deceleration, 58 

reduct ion of elastic wave pressure, 55 

water impact, 45, 52-53 

Equations of motion in air, 21-24 
moment force, 22 
total velocity, 23 
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trajectory affected by weight and 
drag, 25 

vertical and horizontal velocity, 21 
yawing motion, 25 
Equations of motion in water 
see Motion equations in water 
Explosive charge, torpedoes, 3, 6 

Fins, effeet on torpedo roll, 91-92, 94 
Flow-forming stage, 53-68 
angular velocity, 60-68 
damage to torpedo, 58 
duration, 54-55 
flow separation, 68, 73 
impulsive axial velocity change, 59- 
60 

nose dimensions. 54, 59 
orientation of torpedo axis, 63-65 
pitch angle, 64 

pressures acting on torptdo nose, 
55-58 
~ ricochet, 67 
yaw angle, 64 
Formulas 

air velocity, 23 
angular velocity in water, 76 
area of pressure at point of water im¬ 
pact, 51-52 
cavityshape, 84 
cross force, 20 
drag coefficient, 20, 74 
equations of motion, air flight, 21-24 
equations of motion, underwater run, 
116-119 

lift coefficient, 98 

longitudinal force due to pressure, 
52 

magnitude of torpedo heel, 1 It) 

moment coefficient, 19, 22 

motion along trajectory, 87 

motion in vertical plane, 87 

pitch angle, 25, 31, 64, 88 

pitching moment of torpedo, 25 

pressure on torpedo nose, 55, 68-70 

radius of cavity, ” 1 

roll angle, 37 

speed and range, 8 

time duration of flow-forming state, 
54 

time of cavity closure, 85 
trajectory angle at cavity, 97 
water entry velocity, 51 
whip after flow-forming stage, 76 
yaw angle, 25, 64 
Foxboro Corporation, 146 

German torpedo (Kurt), 67 
Glide bombing, 34 

GOR (gyroscopic orientation recorder), 
83 

Gyro-controlled ailerons (stabilizer), 37 


Gy-oscope, use in torpedoes 
depth control, 15, 146 
steering control, 138 

Heel of torpedo, 119-120 
Hurwitz criterion, stability of con- 
_ trolled torpedoes, 129-130 
HVAR rocket, drag coefficient, 96 
Hydrodynamic forces 
see also Drag coefficient 
cross force, 20, 98-99 
damping moment and force, 20 
effect of propellers, 98-99, 115 
function of attack angle, 114 
lift coefficient, 96-98 
moment, 19-20 

recommendations for future research, 
115 

tail forces, 94-99 
torpedo stability, 13-14 
underwater run of torpedo, 114-116 
Hydropressure plugs for pressure mea¬ 
surements, 55 

Hydrostatic bellows for torpedo depth 
control, 143 

Influence exploders for torpedo depth 
control, 4 

JMA 2 rockets, drag coefficient, 96 

Kurt (German torpedo), 67 

Langley Field, torpedo stabilizer tests, 
42 

Lift coefficient 

effect on torpedo trajectory, 24 
formula, 98 

Mark 13 torpedo, 44, 98 
propellers, 99 
recovery stage, 311 
torpedo tail, 96-98 
Limited control of torpedoes 

see Two-position control of torpedoes 
I,inear control of torpedoes 

see Proport ional control of torpedoes 

Mark 1 drag ring, 10 

aerodynamic constants, 43-45 
damping force coefficient, 43-44 
effeet on air trajectory, 45 
improvement of water entry, 45 
Mark 2 torpedo stabilizer 

aerodynamic constants, 43-45 
damping coefficient, 10, 43-44 
moment coefficient , 43 
pitching motion, 40 
Mark 7 rocket, drag coefficient, 96 
Mark 13 torpedo 

see also Aircraft torpedoes, theory of 
flight 


control mechanisms, 125-’37 
duration and area of pressure at point 
of impact, 51-52 
head shape, 50 

hydrodynamic constants, 98, 115 
inertia parameters, 129-130 
shroud ring, 108 
stabilizer, 10, 40, 43-45 
terminal velocity, 27 
yawing motion, 36-37 
Mark 13 torpedo, aerodynamic con¬ 
stants, 42-45 

damping coefficient, 43-44 
drag coefficient, 44 
effect of drag ring, 43 
effect of propeller, 42 
effect of shroud ring, 44-45 
lift coefficient, 44 

method of obtaining aerodynamic 
constants, 42-43 
moment coefficient, 42-44 
use of strip camera photographs, 42 
Mark 25 torpedo, pneumatic steering 
control, 138-139 

M.A.T. IV torpedo stabilizer, 10, 45 
MBB torpedo dummy, roll tests, 92-94 
Models, scaled, cavitation studies, 103- 
104 

Moment coefficient in air, 19-20, 42-43 
damping moment, 43-44 
effect of stabilizer, 43, 45 
formula, 19, 22 
horizontal plane, 44 
Mark 13 torpedo, 42-44 
Motion equations in air, 21-24 
moment of force, 22 
total velocity, 23 

trajectory affected by weight and 
drag, 25 

vertical and horizontal velocity, 21 
yawing motion, 25 
Motion equations in water, 106-111 
assumptions, 106-107 
criterion of dynamic stability, 118- 
119 

horizontal plane, 107-108 
nose forces, 77-79 
recovery stage, 108-111 
roll, 106-109 

steering equations, 139-142 
underwater run 116-119 
vertical plane, 108-110 
with controls, 110-111 

Newport Torpedo Station, 42 
Nose forces under water, 68-84 
damage to torpedo, 83-84 
drag coefficient , 74-75 
elastic pressure wave, 52, 55 
equations of motion, 77-79 
flow separation, 68, 73 
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kinematic theory of cavity shape, 
78-74 

nose eap, 52-53, 55 
nose-down lift, 10 * 
pressure distribution, 55-58, 68-72 
recommendations for future research, 
56, 67-68, 84 
venting, 104-105 
water impact, 52-53, 83—84 
Nose shape 

effect on angular velocity, 60-67 
effect on drag coefficient, 11, 74-75, 
84,96 

effect on flow separation, 54, 59 
effect on water entry, 12 
hemispherical nose, 61-64, 74-75 
Nyquist criterion, torpedo stability, 
130-134 

advantages, 133-134 

pend ulum-hydrostat proportional 

system, 147-148 

Optical whip recorder, 62 

Pallet mechanism for steering torpe¬ 
does, 138 

Pendulum for torpedo depth control, 
15, 143-146 

antiresonanee frequency, 145 
captured pendulum, 146 
disadvantages, 146 
equation of mo.ion, 144-145 
limitations, 15 

proportional control, 147-148 
Photography of torpedo aerodynamics, 
42 

Pickel barrel 
see Drag ring 

Pitching motion in air, 24—25, 30—36, 
38-40 

angular velocity, 32 
damping effect. 34 
definition, 25 
effect of roll, 40 

effect of torpedo stabilizer, 24, 40 
effect of wind, 47-48 
formula, 25, 31, 64 
frequency, 30 

function of altitude and time, 38 
positive and negative pitch angles, 30 
probable calculation error, 39-40 
release conditions, 32 
zero pitch angle, 24 
Pitching motion in water, 78-79 
critical angle, 12, 78 
effect of torpedo design, 78-79 
effect of whip at entry, 78 
flow-forming stage, 64 
formula, 88 
shallow water, 78 
steady state angle, 119 


Pneumatic steering control, 104,138-139 
Pressure acting on torpedo, 50-52 

area at point of water impact, 51-52 
duration at point of water impact, 
51-52 

elastic pressure wave, 52, 55 
transverse and longitudinal force, 52 
Pressure measurements on torpedo 
nose, 68-72 

approximate method for a sphere, 72 
flow-forming stage, 55-58 
formula, 68-70 
hydropressure plugs, 55 
noses with discontinuities, 72 
point of flow separation, 73 
potential flow method, 68-72 
semiempirical method, 72 
sphere, 68-71 
variational method, 72 
Propellers 

aerodynamic constants, 42 
damping coefficient, 42, 95 
hydrodynamic constants, 98-99, 115 
lift coefficient, 99 
roll velocity, 91, 93 

Proportional control of torpedoes, 14, 
123-125, 129-134, 138-139 
analogy with linear feed-back ampli¬ 
fier, 124 

criterion for stability, 118, 123-125, 
129-134, 147-148 
definition, 123 

force-propcrtional control, 139, 146 
pendulum-hydrostat control, 147-148 
pneumatic control, 104, 138-139 
Propulsion mechanism, energy require¬ 
ments, 6-7 

Range of torpedoes, 4, 8 
Recommendations for future research 
cavity shr.po formed by torpedo, 84, 
103 

force coefficients durin;- open cavity 
and transition stage, 103 
hydrodynamic constants of torpe¬ 
does, 115 

torpedo nose forces, 56, 67-68, 84 
Recovery stage, 106 -113 
broaching, 112-113 
effect of shroud ring, 112 
equations of motion, 106-111 
lift force, 111 

motion in recovery stage, 111-113 
Ricochet of torpedoes under water, 67 
Roll in air, 37, 40 
Roll in water, 91-94 

controls, 106-107. 127—128 
distortion of trajectory, 94 
effect of fins, 91—92 
effect of mctacentrie height, 91 
effect of propell' i ", 91 


effect on steering control, 127-128 
equations of motion, 106-109 
tests with torpedo dummy, 92-94 
yawing motion, 91, 92 

Scaled models, cavitation studies, 103- 
104 

Shroud ring 

aerodynamic constants, 44-45 

broaching, 112-113 

depth of dive, 112 

drag coefficient, 95 

dynamic stability of torpedo, 141,142 

effect after cavity collapse, 112 

inertia, 129-130 

phase lag, 137 

Specifications for torpedoes, 3-9 
aircraft tor's'dees, 4, 6 
control mechanisms, 4-5,7-8 
explosive tnarge, 3 6 
external shape, 6 
length ol underwater run, 3 
propulsion mechanism, 6-7 
submarine- and destroyer-launched 
torpedoes, 4 
weight and size, 8-9 
Speed of torpedoes 

aircraft, 4, 23,25-27,41-42 
angular velocity, 60-68,76-77 
axial velocity, 59-60 
submarine and dost rover launched. 4 
terminal velocity, 27 
water entry velocity, 51,83-84 
Spoiler rings for torixslo nose, 6 
Stability of torpedoes 

criterion of dynamic stability, 118. 
123-125 

effect of shroud ring, 141-142 
effect on angular velocity, 118-119 
yawing motion, 118-119 
Stabilizers for torpedoes, 10-11 
Hritish M.A.T. IV; 10,45 
damping effect, 10 43-44 
drag ring, 10, 34,43-44. 52-58 
effect on monte:.i, 43, 45 
effect on pitching motion, 24, 40 
effect on trajectory, 21 
gyro-cont rolled ailerons, 37 
Hurwitz criterion of stability, 129 130 
Mark 1 drag ring, 10 
Mark 2: 10, 40, 43-14 
Nyquist criterion of stability, 130- 
131, 147-148 

Steering control of tor|>cdoes, 138-139 
accuracy, 4 

approach to turn, equations of mo¬ 
tion, 139-141 
effect of roll, 128 
effect on depth-keeping, 127 
methods, 138-139 
pallet mechanism, 13? 
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pneumatic control, 104, 138-139 
proportional mechanism, 14, 123- 
125, 129-134, 138-139 
pull-out from turn, equations of mo¬ 
tion, 141-142 
requirements, 4—5 
roller attached to gyro t ' mbat, 138 
two-position mechanism, 14, 123, 
125-127, 135-137 

Strip photography, use in obtaining 
aerodynamic constants, 42 
Submarine-launched torpedoes 
shape requirements, 6 
speed and range, 4 
steering accuracy, 4 

Tail forces under water, 87 

behavior and trajectory after tail 
slap, 105-106 
cavity contraction, 97 
tlrag coefficient, 85, 94-96 
lift coefficient, 96—98 
motion along trajectory, 87 
motion in horizontal plane, 88 
motion in vertical plane, 87-88 
oscillatory trajectory, 90 
position of torpedo at tail slap, 79-83 
roll in cavity, 91-94 
trajectory angle at cavity closure, 97 
Terminal velocity, definition, 27 
Torpedo power plant, 149 
Torpedoes 

sec Aircraft torpedoes, theory of flight; 
Cavitation; Flow-forming stage; 
Recovery stage; Trajectory un¬ 
der water; Water impact stage 
Toss bombing, 34 

Townend extensions for torpedo nose, 6 
Trajectory in air 

see Aircraft torpedoes, theory of flight 
Trajei cry under water, 114-120 

effec' of control mechanism, 12, 126- 
127 


effect of heel, 119-120 
equations of motion and stability. 
116-119 

_estima tes of hydrodynamic coeffi¬ 
cients, 114—116 
initial phases, 50 
motion along trajectory, 87 
nose contact with water, 7d-84 
ricochet, 67 

rolling motion, 91-94, 106-109 
steady circling, 119-120 
steady running, 119 
Transition region, 99-103 

cavitation parameter, 101-102 
drag coefficient, 101 
extent of transition region, 99-102 
noncavitating motion, 102 
Two-position control of torpedoes, 125- 
127, 135-137 

analogy to low-pass amplifier, 125 

definition, 123 

phase lag, 125, 127, 135, 147 

response of system, 125-126 

stability, 123, 125 

time lag, 14 

Underwater trajectory 

see Trajectory under water 
United Shoe Machinery Corporation, 
146 

University of Michigan, 42 

Venting of torpedoes, 104-105 

Water entry, 11-13,50-84 
angular velocity, 11 
cavity formation, 11-12 
critical pitch angle, 12 
drag force, 12 
effect of drag l ing, 45 
effect of nose shape, 12 
effect of wind, 12-13 
entry conditions, 50 
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flow-forming stage, 53 - 4*8 
nose contact with water 68-84 
phases of initial underwater I -»irv 
tory,50 

Water impact stage, 50-53 

effect of drag ring and nine r* 

52-53 

pressure, 50-52 

Westinghousc Electric and Mae. 
turing Compare- 
captured pendulum, 1 16 
force-proportional electric depth c *«- 
trol, 146 

steering control for I o.qiedoe*, 13.8 
* wo-position electric orpodo route*! 
147 

W!..;. if torpedoes 
i ' -lition, 53 

eft- 1 of nose shape and .size t ■ 
67 

flow-forming stage, 61-64, 76 1C>» 
‘105 

forces producing the whip, 65-66 
optical w-hip recorder, 62 
Wind, effect on torpedo trajectory, 
46-49 

distribution of wind velocity, 39 
pitch angle, 47—48 
trajectory angle, 47 
water entry, 12-13 
yaw- angle, 48-49 
Wright Field, 42 

Yawing motion 
definition, 25 

dynamic stabi'dy of torpedo, IIS- 
119 

effect of wind, 48-49 
effect on angular Vi locity, 76 
effect on roll vel. city, 91, 92 
equations of motion. 25 
flow-forming stage, 6 1 
Mark j. 3 torped- , 3b 3~ 
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